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Abstract 
 
In compositional simulation, residual oil saturation for gas injection processes has been reported to 
decrease far beyond the user defined residual oil saturation (evident from the relative permeability 
curves).The simulation results often do not match the core floods data, and output Sor at the end of 
simulation to be zero or close to zero. This is a serious problem and can occur in both miscible and 
immiscible gas injection. This is caused by excessive vaporization of the oil phase on continued gas 
injection, permitted by the EOS (equation of state) of the reservoir model.  
 
The discrepancy (mismatching in the measured and simulated results for Sor) discussed above in the 
simulator is due to “Bypassed Oil” (not contacted oil) located in the dead–end pores or caused by sub-grid 
block heterogeneity, which is not accurately honored in conventional compositional simulations. 
 
In this study, a classical, yet easy to implement and fast approach (SOR) of a commercial compositional 
reservoir simulator is applied to check different scenarios of forcing residual oil saturation in gas injection 
processes. The proposed approach is effectively applied to miscible and immiscible gas floods and results 
obtained support that it works efficiently towards restricting excessive vaporization, which leads to a 
realistic Sorm to a gas flood.  
 
This report discusses other approaches apart from the SOR approach, such as the Alpha Factor approach 
and the dual porosity approach to model bypassed oil in conventional reservoir simulations. A 
comparative study is carried out between all the three approaches to validate the fact, that the SOR 
approach is qualitatively the most compatible and easiest to implement of all. Furthermore, the physical 
basis of the SOR approach is also investigated by incorporating different compressibility options for 
residual oil. The versatility of SOR as an upscaling parameter; accounting for severe heterogeneity 
possibly leading to gas override and oil bypassing in coarse grid cells is also shown. 
 
This study has provided insights into the modeling of bypassed oil (essentially trapped) in compositional 
simulations leading to realistic SOR values. This work can be regarded as a first step towards “history 
matching in compositional simulations using coarse grid cells (modeling trapped oil)” and several 
recommendations for future research have also been proposed. 
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Abstract 
In compositional simulation, residual oil saturation for gas injection processes has been reported to decrease far beyond the 
user defined residual oil saturation (evident from the relative permeability curves).The simulation results often do not match 
the core floods data, and output Sor at the end of simulation to be zero or close to zero. This is a serious problem and can occur 
in both miscible and immiscible gas injection. This is caused by excessive vaporization of the oil phase on continued gas 
injection, permitted by the EOS (equation of state) of the reservoir model.  
 
The discrepancy (mismatching in the measured and simulated results for Sor) discussed above in the simulator is due to 
“Bypassed Oil” (not contacted oil) located in the dead–end pores or caused by sub-grid block heterogeneity, which is not 
accurately honored in conventional compositional simulations. 
 
In this study, a classical, yet easy to implement and fast approach (SOR) of a commercial compositional reservoir simulator 
(ECLIPSE 300) is applied to check different scenarios of forcing residual oil saturation in gas injection processes. The 
proposed approach is effectively applied to miscible and immiscible gas floods and results obtained support that it works 
efficiently towards restricting excessive vaporization, which leads to a realistic Sorm to a gas flood.  
 
This report discusses other approaches apart from the SOR approach, such as the Alpha Factor approach and the dual porosity 
approach to model bypassed oil in conventional reservoir simulations. A comparative study is carried out between all the three 
approaches to validate the fact that the SOR approach is qualitatively the most compatible and easiest to implement of all. 
Furthermore, the physical basis of the SOR approach is also investigated by incorporating different compressibility options for 
residual oil. The versatility of SOR as an upscaling parameter; accounting for severe heterogeneity possibly leading to gas 
override and oil bypassing in coarse grid cells is also shown. 
 
This study has provided insights into the modeling of bypassed oil (essentially trapped) in compositional simulations leading to 
realistic SOR values. This work can be regarded as a first step towards “history matching in compositional simulations using 
coarse grid cells (modeling trapped oil)” and several recommendations for future research have also been proposed. 
Introduction 
 
Residual Oil saturation (Sor) is defined as the fraction of the reservoir pore volume, which does not flow. This definition should 
not be mistaken as a fraction of the total oil volume. This concept is made clear at the start, to avoid any further confusion on 
oil recovery efficiencies.  
 
In compositional simulations of gas injection processes, the cumulative oil recovery at the end of the simulation on 
continued gas injection is often complete, i.e. the average field oil saturation at the end of simulation is zero. This is due to 
excessive vaporization of the oil on continued injection In reality, this is not the case, because some oil is bypassed due to sub 
grid block heterogeneity or is trapped in small pores (dead end pores),or due to reduced level of viscous cross flow (Pande 
1992) even if the gas is first contact miscible with the oil. 
Background 
It has been demonstrated through core flood experiments (Sandstone and carbonate rocks) that displacements in gas injection 
processes depend upon pore structure apart from all other factors((Spence Jr and Watkins 1980)).The bypassing of oil is caused 
due to microscopic heterogeneity resulting from non-uniform pores structure. These levels of microscopic heterogeneity were 
characterized by the level of dispersion and capacitance in the rock sample. 
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The physical phenomena such as capillary bypassing (microscopic scale) and viscous fingering (macroscopic scale) 
also contribute to bypassing of oil (Stern 1991). Although, molecular diffusion and dispersion over a length of time recovers 
some portion of this bypassed oil(Burger and Mohanty 1997), there still remains oil behind the flood front. Moreover, 
capillarity effects can also contribute towards reducing the mass transfer from these bypassed zones. 
 
This situation in real heterogeneous reservoirs is quite common, and can also lead to gravity gas override leading to 
inefficient sweep, resulting in oil being bypassed. The effects of grid orientation also contribute to the viscous fingering and 
mass transfer effects (Burger and Mohanty 1997). Low capillary pressure in even high permeability reservoirs can lead to 
excessive gas override (low viscous cross flow) as described by (Pande 1992) for 2-D simulations. 
 
 (Tchelepi and Jr 1994) have shown that adverse permeability heterogeneity disrupts vertical flow and helps to 
augment the transport of the lighter injected fluid for larger distances in the direction of flow. This makes it difficult for the 
buoyant forces to form a continuous film and transport the lighter fluid effectively towards higher regions in the domain, 
essentially leading to viscous fingering problems. 
 
 (Gardner and Ypma 1984)  have also discussed the phase behavioral changes associated with macroscopic bypassing 
of oil, even in the absence of viscous fingering. The bypassing of oil, evident from the reduction in ultimate recovery is called 
as the “Synergistic Effect”. (Stalkup 1970) has also shown the trapping of oil, leading to creation of stagnant zones of 
uncontacted oil due to high water saturations, which can lead to restricted contact between the displacing miscible bank and the 
residual oil. 
 
The presence of bypassed oil, which leads to a realistic residual oil saturations have been actually measured in real 
fields (Cockin, Malcolm et al. 1998). A Single Well Chemical Tracer test (SWCT) conducted on the Prudhoe Bay Miscible 
Gas Project (PBMGP) indicates the presence of residual oil saturation, which is due to a number of factors explained 
previously by the above mentioned authors. In the conventional compositional simulation, there is no such facility that allows 
the user to define a realistic residual oil saturation, which does not vaporize. This ultimately leads to an over estimate of the 
cumulative oil recovery. 
 
Several Methods have been proposed to model the bypassed oil in compositional simulations viz,  
 The Alpha factor Approach (Barker and Fayers 1994) 
 The Double Porosity Modeling(Coats, Thomas et al. 2004)(Single Porosity Logic applied to real fields)  
 Characterizing the Residual Oil to be a SOLID phase. 
 Altering the PVT data(more heavier components in the Oil) 
 The SOR Approach(ECLIPSE 300)(Fluid Portioning approach) 
The SOR Approach of ECLIPSE 300 is based on portioning the fluids into mobile hydrocarbons and residual oil. The 
residual oil can be thought of as being in small pores (Dead end pores) (Coats, Thomas et al. 2004) which is not contacted by 
the gas. This inherently supports the actual physics behind residual oil (to an extent supported above, by the literature) which 
actually contributes to the total volume, but does not correspond to the flow. The residual oil has only two properties, 
compressibility and saturation. 
 
The double porosity approach (Single porosity logic) demonstrated by (Coats, Thomas et al. 2004), works on the principle 
of portioning of porosities into matrix porosity and fissure porosity. This method has also been used to model bypassed oil in 
this study and compare the results with the SOR approach. 
The alpha factor approach (Barker and Fayers 1994) was originally developed for upscaling in compositional simulations. 
This approach works on mobility multipliers (correcting the component flow rates in the transport equation). The alpha factors 
have been previously used by (Blunt, Barker et al. 1994) to develop empirical viscous fingering models. 
 
The use of the alpha factors for imposing a residual oil saturation for multi contact miscible floods has been demonstrated 
by (Bourgeois, Thibeau et al. 2011) and for first contact miscible floods by (Barker, Prévost et al.), another novel approach, 
developed by (Hiraiwa and Suzuki 2007) has also been used to calculate the alpha factors and compare the results of the 
simulations with the SOR approach. 
 
     Also, changes in physical properties such as compressibility of fluids with change in pressure and their effects have 
been documented at length in (Dake, 1978). The compressibility of oil also varies with change in pressure. In the SOR option 
Sor is constant throughout the simulation. However the compressibility of residual oil can be incorporated in the model by 
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using additional options. The detailed discussion can be found in the main text. 
 
 (Hiraiwa and Suzuki 2007) have also demonstrated the use of Sor for miscible floods as a potential parameter for 
upscaling in coarse grid simulations from relatively fine grid model. The Alpha factor approach has been used extensively by 
(Christie and Clifford 1997) for upscaling in compositional simulations(honoring sub grid block heterogeneity). An attempt of 
upscaling with the SOR approach (ECLIPSE 300) has also been proposed here. This is just a mere description of upscaling and 
requires further investigations. 
Methodology 
A detailed example case is presented here to effectively demonstrate the use of the SOR approach of ECLIPSE 300 to model 
trapped oil and compare this approach with the other available methods, to qualitatively decide, which approach is viable .The 
major steps in the process are: 
 
 Modeling of the SOR approach using the synthetic SPE-5 model dataset. 
 Construction of the “Double porosity” simulation model,using Coats method(Coats, Thomas et al. 2004) 
 Calculation of the Alpha factors to be used in simulation. 
 The Alpha factor simulation case study and comparison with SOR approach. 
 Introduction of the compressibility options and sensitivity analysis on compressibility. 
 Perform a simplistic example case of using SOR as an Upscaling parameter. 
The complete workflow is summarized in the form of a flowchart in Figure.1.Detailed explanations of individual processes 
are given in later sections in the report. 
 
 
Figure 1 : Methodology Flow Diagram 
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The SOR Approach  
Synthetic Model  
 
A detailed synthetic example case is presented here to demonstrate the use of the SOR keyword to effectively restrict excessive 
vaporization. The fluid model of the SPE-5 comparative study project (Killough and Kossack 1987) is used.  
 
A simple grid model (7x3x3) was built with an injector and producer in an in-line drive mechanism. The hydrocarbon 
present in the grid initially is only oil and connate water. No initial gas is present. The oil is represented by 6- component Peng-
Robinson corrected EOS (as described in detail by (Killough and Kossack 1987)). 
The example case is constructed as a First contact miscible case (FCM), with the injected gas being predominantly 
C1(Killough and Kossack 1987) . The reservoir pressure is 4000 psi, which is above the FCM pressure of 3790 psi. The fluid 
phase diagram and the grid model are shown in Figure.2. The reservoir temperature is 160
0
F. The fluid PVT properties are 
summarized in the Appendix B. 
 
     
                                                Figure 2: PVT diagram of the fluid (SPE-5) and the Simulation Grid 
      The grid properties of the model are described in the Table1. below: 
 
Table 1: Model Grid Specifications for the SOR Approach FCM gas Flood 
Property 
 
Value (magnitude) 
Porosity 30 % 
Permeability X Layer 1(500 mD) ;  Layer 2(50 mD) ; layer 3(200 mD) 
Permeability Y Layer 1(500 mD) ;  Layer 2(50 mD) ; layer 3(200 mD) 
Permeability Z Layer 1(50 mD) ;  Layer 2(50 mD) ; layer 3(25 mD) 
DX(grid size increment in X direction) Layer 1(500 ft) ;  Layer 2(500 ft) ; layer 3(500 ft) 
DY(grid size increment in Y direction) Layer 1(500 ft) ;  Layer 2(500 ft) ; layer 3(500 ft) 
DZ(grid size increment in Z direction) Layer 1(20 ft) ;  Layer 2(30 ft) ; layer 3(50 ft) 
 
The rock is essentially water-wet with a connate water saturation of 0.296 and the residual oil saturation of 0.43.The 
oil column is 80 ft with initially just oil and connate water (Swc=0.296) present in the reservoir. The “STONE-2” relative 
permeability model has been used for the 3-phase interpolation of the oil relative permeability. 
 
Constant SOR Formulation 
The ‘SOR’ approach, works towards reducing excessive vaporization of the oil during gas injection processes ultimately 
leading to residual oil saturation (Sorm) which is realistic.  The SOR approach is basically a fluid portioning approach, in which 
the oil is divided into mobile oil and user defined residual (immobile) oil.  The mobile hydrocarbon is flashed in usual manner, 
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and the saturations of the phase (oil, water and gas) are calculated. The residual oil saturation is then added to them, to 
calculate the overall phase saturations. 
 
Consider a grid cell of volume V, with the porosity Φ 
Then, the “pore volume” = PV = 𝑉. Φ                                  
 
The volume of oil= Vo 
 
The volume of gas= Vg 
 
The volume of water= Vw 
 
The volume of oil (Vo) = Vom + Vor 
                           
                        Mobile oil                   Residual oil 
 
 
 
The more detailed mathematical formulation describing the material balance equations and the flash calculations is 
given in Appendix C. The point to be noted is that, the residual oil saturation is defined as a fraction of pore volume, and 
should not be misinterpreted as a fraction of the total oil volume. 
 
The residual oil saturation is set equal to the minimum of the initial oil saturation (SOILₒ) and the value specified by 
SOR. The residual oil phase can be thought of as being trapped in pores, separate from the mobile hydrocarbons in the cell. 
Here, the residual oil has no properties, apart from saturation. 
 
The residual oil saturation remains fixed throughout the simulation, which is only an approximation, because if 
pressure increases in a cell, the residual oil volume should decrease. But with the fixed SOR, when the pore volume increases 
with increase in pressure, the residual volume increases.  This implies a negative compressibility of the oil. This issue has been 
corrected in the 2012.1 version (ECLIPSE, 2012) and will be discussed later. 
Case realization for Constant SOR (ECLIPSE, 2011)  
Three cases are considered, based on the simulation grid model described previously. The reservoir is considered as a single 
region and hence a single value of SOR is taken throughout. 
 No-SOR ( No residual oil) 
 20%-SOR case 
 40%-SOR case 
It is recommended that the relative permeability values are set to zero, for all oil saturations less than the user-defined 
“SOR”. Note that a value of “SOR” close to 1 may cause convergence issues, since the effective pore volume (i.e. Volume that 
is available for flow) is proportional to (1-SOR). 
Production strategy 
The Production plan includes a preliminary primary production phase for 100 days, followed by the Injection of miscible gas 
for 27 years with an Injection rate of 15000 Mscf/day .The production plateau is at 5000 Stb/day. 
Results and Discussion 
Figure.4 shows the simulation results (Field Oil saturation (FOSAT); Field Gas saturation (FGSAT); Field Oil production 
totals (FOPT); Field Pressure (FPR)) of all the three case realizations of the SOR keyword. The results of the SOR approach 
shown thus far indicate that SOR is effective in restricting excessive vaporization and is successful in forcing a user defined 
Sorm value entered through the SOR keyword. The SOR value in this case is the same for all the grid cells (essentially the same 
for the whole reservoir). 
 
The example data set used in simulation for the first contact miscible (FCM) case for a residual oil saturation of 20% 
is given in Appendix J for further reference. A test case for immiscible gas injection for the same model and the results of 
simulation for the case with the SOR approach are summarized in Appendix. D. 
Then, the Saturation is defined as: 
 Oil saturation (Mobile) = 𝑆𝑜𝑚 =
𝑉𝑜𝑚
PV
 
                                                                                               
Oil saturation (Residual) = 𝑆𝑜𝑟 =
𝑉𝑜𝑟
PV
 
                                                                                               
Oil saturation (Total) = 𝑆𝑜 =
𝑉𝑜
PV
 
                                                                                               
Gas saturation= 𝑆𝑔 =
𝑉𝑔
PV
 
                                                                                               
Water saturation=   𝑆𝑤 =
𝑉𝑤
PV
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Figure 3: Simulation results for the SOR approach (No SOR case, 20%SOR, 40% SOR) 
The Double Porosity Approach: Methodology 
The double porosity approach, can also be used to model the residual oil saturation in miscible gas Injection process as shown 
by (Coats, Thomas et al. 2004).This approach as cited by(Barker, Prévost et al.) approximates the true physical situation, since 
the residual oil presumably lies in poor quality rocks and/or in small and isolated pores, both of which can be thought of a 
secondary medium, that extensively contributes to the Volume, but very little or even zero contribution to flow. 
 
(Coats, Thomas et al. 2004) show that this approach can be approximated quite well by a Single porosity logic, 
somewhat analogous to the SOR approach. It involves portioning the reservoir porosities into two porosities, one each for the 
matrix and the fissure Porosity. The matrix does not contribute to the flow, i.e. the flow entirely occurs through the fracture 
network (Note: This is equivalent to a single porosity approach for flow). The formulae (Coats, Thomas et al. 2004) for the 
reservoir porosity partitions are: 
Matrix Porosity: Residual Oil Porosity (ΦSorm  )             Fissure Porosity: Flowing portion Porosity (ΦF  )   
(𝛷𝑆𝑜𝑟𝑚 ) =  
𝛷 ∗ 𝑆𝑜𝑟𝑚
1−𝑆𝑤𝑖
… (1)                                                                                  𝛷𝐹  =   𝛷 −  𝛷𝑆𝑜𝑟𝑚 … … … … … . . (2)  
 
The porosity partitioning secludes the residual oil from the flash calculations. Essentially, the residual oil is taken to 
be part of the rock matrix. Hence, there should be an increase in the rock compressibility to compensate for this effect. 
However, rock compressibility changes are a secondary effect, so were not included in this study. 
Model Specifications 
The double porosity simulation grid is essentially the same as the grid used for the SOR Approach except for the layers 
in the reservoir. The SOR Approach had three layers, and the double porosity has 6 Layers, (3 each for matrix and 
Fissure).The Matrix and the Fracture properties for the Double porosity (20% Sor) have been summarized in the Table.2: 
 
Simulation Grid 7x3x6 (3 layers of Matrix;3 layers of fissure) 
Original porosity(Φ) 30 % 
Matrix Porosity(ΦSorm ) 8.52%(calculated based on the formulae above ….(1) ) 
20% Sor 
40% Sor 
No Sor 
40% Sor 
40% Sor 
40% Sor 
20% Sor 
20% Sor 
20% Sor 
No Sor 
No Sor 
No Sor 
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Fissure Porosity(ΦF  ) 21.48% (calculated based on the formulae above….(2) ) 
Initial Water Saturation 29.6% 
Permeability X,Y,Z(Fissure) 500 mD (All Layers) 
Permeability X,Y,Z(matrix) 0 mD (All Layers ; absolutely no flow) 
Table 2: Model Grid Specifications for the Double Porosity System 
Results and Discussion 
The double porosity approach (for SOR=20%) is simulated for 100 days of primary production, and 27 years of injection, with 
an FCM gas flood. The PVT data is the same, as used for the SOR approach. Figure.4 shows the Field Oil saturation (FOSAT) 
variation for both the SOR approach and the Double porosity approach.  
 
Also shown in Figure.4 are the Field Oil Production Totals (FOPT), Field Gas Saturation (FGSAT) and the Field 
average Pressure (FPR) for both the approaches. The reduction in excessive vaporization by the double porosity approach is 
clearly evident from the results. Moreover, the results also match the SOR approach quite well. 
 
The differences in the results are attributed to rock compressibility, which is neglected. However, the overall objective 
of leaving the defined ultimate residual oil has been attained. 
 
Figure 4: Simulation Results (Comparison of the double porosity approach and the SOR approach) 
      
Figure 5: (TCPU) versus time for the dual poro and SOR approach 
Moreover, the double porosity approach (Single porosity logic) for modeling Sor cannot be used for reservoirs that are 
actually double porosity reservoirs (Warren and Root, 1963).The reason being, that the simulation model will be then  a multi-
porosity system rather than a double porosity model. 
Enormous Increase in CPU 
times for Double porosity  
 
Field Oil Saturation Field Oil production 
Totals 
Field Pressure Field Gas Saturation 
Figure.5 shows the CPU time comparison for the 
double porosity and SOR approach, both used to 
force an ultimate Sorm of 20%.There is an 
enormous amount of increase in simulation time 
(3 orders of magnitude) for a double porosity 
simulation case as compared to the SOR 
approach. 
 
Dual Porosity 
Dual Porosity 
Dual Porosity 
Dual Porosity 
Dual Porosity 
SOR Approach 
SOR Approach 
SOR Approach 
SOR Approach 
No Residual 
No Residual 
No Residual 
No Residual 
SOR Approach 
Simulation Time 
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The Alpha Factor Approach: Basics and Formulation 
Alpha Factors, also known as the Transport coefficients, were suggested by (Barker and Fayers 1994) to be used in 
compositional upscaling. 
 
These coefficients act as mobility multipliers on the components in the overall transport equation. They modify the 
composition of oil or gas flowing out of the grid block (which is not equal to the one inside the grid block). 
The overall transport equation for a component ‘i’ is written as: 
 
𝜕(𝛷. 𝐹. 𝑍𝑖)
𝜕𝑡
+
𝜕(𝑈𝑜𝑥 . 𝜌𝑜. 𝑋𝑖 + 𝑈𝑔𝑥 . 𝜌𝑔. 𝑌𝑖)
𝜕𝑥
− 𝑄𝑜𝑋𝑖 − 𝑄𝑔𝑌𝑖 + 𝐼𝑔𝑌𝑖 = 0 … … … … … … . (3) 
 
The modified transport equation with the introduction of the alpha factors (α) is: 
 
𝜕(𝛷. 𝐹. 𝑍𝑖)
𝜕𝑡
+
𝜕(𝑈𝑜𝑥 . 𝛼𝑜. 𝜌𝑜. 𝑋𝑖 + 𝑈𝑔𝑥 . 𝛼𝑔. 𝜌𝑔. 𝑌𝑖)
𝜕𝑥
− 𝑄𝑜𝑋𝑖 − 𝑄𝑔𝑌𝑖 + 𝐼𝑔𝑌𝑖 = 0 … … … … … … (4) 
 
The alphas actually correct the flowing compositions of each component. The alphas are generated from a 
representative fine grid model, as stated by (Barker and Fayers 1994). Alpha Factors have also been used to model viscous 
fingering, with the development of empirical viscous fingering models (Blunt, Barker et al. 1994). They have been extensively 
used in compositional simulations to model sub-grid block heterogeneity (Christie and Clifford 1997)and gas override 
(Tchelepi and Jr 1994). 
 
Alpha factors could also be used for forcing residual oil saturation to miscible gas floods. The simulator requires an 
input of alpha factors, for each of the gas and the oil phase. 
Calculation of Alpha Factors 
Hiriawa and Suzuki Approach 
There have been successful attempts at modeling the residual oil saturation with the aid of the Alpha factors. (Hiraiwa and 
Suzuki 2007)developed a simplified approach of using the alpha factors (Barker and Fayers 1994).This approach is based on 
portioning the reservoir into mobile composition and immobile composition .The reservoir is divided into two regions:  
1. Immobile composition (Based on the SOR) 
2. Mobile composition (Total-Immobile) 
Which are related as , 
 𝑍𝑖 (𝑀𝑜𝑏𝑖𝑙𝑒)
𝑍𝑖  (𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑒) 
=
(𝑆𝑜 − 𝑆𝑂𝑅)
𝑆𝑜
… … … … … … … (5) 
The Zi are calculated for different V (Vapor Fraction Values) and then according to whether the composition is mobile or 
immobile, an Alpha Factor of 1 or 0 is given to that composition. 
                   
i.e.   αi    =       1(for mobile portion) 
        αi     =      0(for Immobile portion) 
 
This approach also provides a correction for relative permeability, which has not been used in the comparison study 
presented here. Moreover, the Hiriawa approach assumes that the composition of the oil is fairly constant, which is appropriate, 
if the residual oil is thought to be occurring in tight structures. But, in cases of MCM (Condensing/Vaporizing) gas drive, 
stripping of components from either phase might result in changes in composition (Gardner and Ypma 1984). Also, if the 
reservoir goes below the saturation pressure, it will change in composition. To model this criteria, Alpha factor values different 
than one will be required. This approach is discussed later. 
 
The Alpha factor table calculated for the Hiriawa approach is provided in Appendix E. The Alpha factors are input in 
the simulation model using the ALPHA keyword with the mole fraction of any one component (C1 in this case) and the Alpha 
factor table. Moreover, the Alpha factor values are the same for both the oil and the gas phases, as the case is first contact 
miscible. So, there is only one hydrocarbon phase present at the flood front. 
 
Figure.6 shows the Field Oil Production Totals (FOPT) for the Alpha factor case (Hiriawa Approach) (Sor=20%) 
which is compared with the SOR approach (Sor=20%). 
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The Hiriawa and Suzuki Alpha factor approach matches the 
SOR approach quite well. There is a slight variation at the 
end, which can be attributed to the relative permeability 
modification proposed by Hiriawa and Suzuki described in 
the literature review section (Appendix A). 
 
 
 
 
 
Iterative Approach (Use of Bourgeois IFP technique)  
Very recently, a more robust approach of calculating the alpha factors has been proposed. This approach(Bourgeois, Thibeau et 
al. 2011) does not assume residual oil composition to be the same throughout the simulation. The approach is also based on the 
Alpha factor theory, proposed by (Barker and Fayers 1994).The alpha factor theory for forcing Sor has previously been used by 
(Barker, Prévost et al.).The most noticeable point in the calculation is that the alpha factor theory is written in terms of 
hydrocarbon volume, rather than saturations, allowing a single value of alpha factor to be adaptable for different levels of water 
saturation. The theory of how the alpha factors have been developed, with the use of the Bourgeois approach and by an 
iterative scheme(used to converge the solution) and the alpha factor table is completely summarized in Appendix F. The 
application of the theory is rather complex and iterative to match the residual oil volume and takes quite a long time to 
calculate. 
 
The simulation results of the approach are shown below, Figure.7 shows the case of Alpha factors for 20% Sor case compared 
with no residual(No alpha/No SOR) case and a SOR approach case (20% Sor). There is a decrement in the total oil production, 
due to the Alpha factors, showing that the Alpha factors can represent residual oil saturation effects. Figure.7 also shows the 
Field Oil Saturation (FOSAT) for all three cases. The oil saturation for the Alpha case also goes down to zero in all the grid 
cells similar to the No-Alpha case, but, there is a decrement in the cumulative oil production. The reason being, both Oil and 
Gas are miscible and hence undifferentiable, so the simulator labels the residual oil as the gas phase. Nevertheless, these 
components are prevented from flow by the Alpha factors.  
 
 
 
 
Figure 7: Simulation results (Alpha factor approach, SOR approach and the No residual case). 
Field Oil Saturation 
Field Gas saturation Field Oil Production 
Totals 
Field Pressure 
Figure 6: FOPT (SOR and Alpha Factor (Hiriawa and Suzuki Approach)   
SOR Approach 
SOR Approach 
SOR Approach 
SOR Approach 
Alpha  
Alpha  
Alpha  
Alpha  
No residual 
No residual 
No residual 
No residual 
SOR approach 
Alpha (Hiriawa) Field Oil Production Totals 
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It is clear from the above shown results that the alpha factors 
developed through the method given in the Appendix F, do 
restrict excessive vaporization and actually model the bypassed 
Oil. The slight mismatch at the start with the SOR approach is 
attributed to the fact that both the cases use different oil 
production and gas injection rates (done to achieve the results 
quickly), but eventually; ultimate recovery is the same for both. 
Figure.8 shows the TCPU (CPU time required for simulation) for 
both approaches, i.e. the Alpha factor   and the SOR approach. 
The time required for the alpha factors to simulate is much         
higher than the SOR approach. Given the fact, that generating the 
Alpha factor tables is more time consuming than the Sor approach 
also adds to the total time required completely to achieve the 
same set of results, which are comparable as shown in Figure.8 
above for both the approaches. The Cupiagua gas condensate 
reservoir (Ballin, Clifford et al. 2002) is the only published case study of the alpha factors applied to a real field. The alpha 
factor approach has been written in terms of the hydrocarbon volume fractions rather than saturations which enables the alpha 
factors to be defined uniquely for a secondary flood or a tertiary flood. The relative merits of each approach (the SOR and the 
Alpha) are compared below in Table.3. 
 
 
 
 
Table 3: Comparison of the SOR approach and the Alpha factor approach 
           Approach 
 
 
 
Comparison Basis 
                    
                               SOR Approach  
          
                 The Alpha Factor Approach 
 
 
 
     Formation Basis 
 
1. Based on saturation rather than 
Hydrocarbon Volume. 
 
2. Cannot adapt to different levels of Sw. 
 
 
1. Based on Hydrocarbon Volume rather 
than saturations 
 
2. Can adapt to different levels of Sw. A 
single alpha factor table can be used for 
secondary/tertiary Floods. 
 
 
 
 
        
        Applicability 
 
1. Applicable to Miscible, Near Miscible and 
Immiscible processes. 
 
2. Applicability to Gas condensate (Lean 
gas cycling) is doubtful, as the SOR 
needs to be defined during the 
simulation. 
 
1. Applicable to Miscible, Near Miscible and 
Immiscible processes (provided the non-
miscible regions are fairly low). 
 
2. Applicability to Gas condensate (Lean gas 
cycling) is confirmed. The “Cupiagua” 
reservoir is a published case for real field 
application. 
 
 
 
     Simulation Time 
 
1. As shown in previous comparisons, the 
SOR approach is much fast as compared 
to the Alpha factor Approach. 
 
 
1. The Alpha factor approach increases the 
simulation time, which also includes the 
time required to compute the Alpha 
factors. 
 
 
 
       Physical Basis 
 
1. The SOR approach represents bypassed 
oil that is essentially uncontacted. 
  
2. The composition of the residual oil does 
not change with time. 
 
3.  Situations involving stripping of light 
components leaving behind the heavy 
fractions cannot be modeled. But, 
literature proposes residual oil to gas 
flood, essentially present due to adverse 
rock heterogeneity (Trapped oil). 
 
1. The Alpha factor approach is purely a 
numerical concept, very much same as 
the Pseudo Relative Permeability 
.  
2. The composition of the residual oil does 
change with time (with injection) for the 
Alpha Factor approach. Stripping of 
components in MCM floods (Vaporizing 
gas drive; Condensing gas drive) can be 
accounted for. 
 
 
 
Difference in 
CPU simulation 
times 
 
 
Figure 8: TCPU (CPU time required for simulation) 
Alpha  
SOR Approach 
Alpha (Bourgeois) 
Simulation Time 
 Increase in CPU 
times for Alpha 
approach 
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In conclusion and considering the available results, discussions and the literature referenced, the SOR approach most 
closely models the actual physics of oil being bypassed in gas injection processes which is thought of as present in dead end 
pores and is not being contacted (Except viscous fingering, which also is dispersed due to axial mass transfer)
 
(Gardner and 
Ypma 1984)).
Compressibility Options in SOR approach (Variable SOR)(ECLIPSE, 2012) 
 
As discussed before the current SOR option is based on constant residual oil saturation, which implies that the residual oil has 
negative compressibility. This is due to the fact that, when the pressure in a cell increases, its residual oil volume should 
decrease, but because Sor is essentially constant, hence with increase in pressure, the pore volume increases and also the 
residual oil volume, which results in reduced volume of mobile oil, which is not physically realistic. 
 
The variation of fluid compressibility with pressure is well understood (Dake 1978).The relationship of 
compressibility with pressure for an oil reservoir is as follows: Isothermal compressibility (C) accounts for the change in 
volume, as the pressure varies at constant temperature. It is defined as: 
                             
𝐶 = −
1
𝑉
𝑑𝑉
𝑑𝑃
… … … … … … … … … … … … . (6) 
Since, the rate of change in volume with respect to the pressure is negative, the minus sign is required to assure that 
the compressibility is positive (Dake 1978).For a reservoir operating above the bubble point, the drive energy is due to the 
expansion of the under saturated oil, pore compaction, etc. From the definition of isothermal compressibility in the equation (6) 
above, it can be seen that, for an oil reservoir above bubble point, the compressibility (Co) of oil is: 
 
𝐶𝑜 =
𝐵𝑜 − 𝐵𝑜𝑖
𝐵𝑜𝑖. ∆𝑃
… … … … … … … … … … … . (7) 
Where, the symbols are described in the nomenclature. 
A new SOROPTS switch option in the simulator (ECLIPSE, 2012) allows the user to set a realistic compressibility model 
for the residual oil. So, now the residual oil saturation is not constant, i.e. it changes with pressure, owing to compressibility 
effects which honors the actual physics. The residual oil composition is not allowed to change, but the concentration does. This 
effect will be discussed later. There are three compressibility options available at present, which are: 
 Zero Compressibility Option (Default Case) 
 Constant Compressibility Option 
 Flash Compressibility Option 
Table.4 shows a schematic describes the workflow features of the three compressibility options. Detailed mathematical 
description is given in Appendix.G 
 
 
Table 4: SOROPTS compressibility Option 
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Test Case 
To test the effects of the compressibility option  ,the same simulation grid model used for comparing the SOR, Double porosity 
and Alpha approaches has been used.The only significant difference, is the variation in compressibility with pressure.For 
example,the oil compressibility is equal to 10
-5
 Psi
-1 
,which means that to see marked change in volume on change in 
pressure,the pressure change should be of an order of 10
3
 Psi or higher
 
. 
 
The test case presented here is a combination of (Production alone and Production with Injection cycles). The 
Production with Injection time cycle is shown in Appendix.H. 
SOR compressibility Option Sensitivity: Results and Discussion                                                                                                        
The compressibility option to be used is entered  in the Data simulation model through the keyword SOROPTS in the 
properties section. All the three compressibility options were entered with the same production schemes and with a  residual oil 
saturation (Sor) of 20%.The results of the compressibility option sensitivity are presented in Figure.9. 
 
Figure.9 shows the variation of compressibility with time(Volume change with change in pressure) for all three of the 
compressibility options in the injection grid cell.The “Constant” compressibility switch calculates an initial compressibility of 
oil ( for this case = 1x10
-5
 Psi
-1
) and uses that same value throughout the simulation.The “Zero” compressibility option yields a 
negative value,because it keeps the residual oil saturation constant.Whereas,the “Flash” option is the most realistic one, as the 
residual oil compressibility is inversely proportional to pressure,i.e. with increase in pressure, the fluid compressibility 
decreases. 
 
Also shown in Figure.9 are, the residual oil saturation and pressure for the injection block grid cell.The residual oil 
saturation does not change for the zero compressibility option but it does for the constant and the flash compressibility option. 
 
 
 
 
Figure 9: Simulation results (Sensitivity) with the compressibility options 
The overall effect in this case is a net increase in pressure,which leads to lower residual oil saturation (Note:   the 
residual oil moles are essentially conserved;Overall composition is constant). 
 
The residual oil concentration (Mr,i) in the injection block is also plotted in Figure.9.The residual oil concentration is 
(residual oil moles per unit residual oil volume. 
Consider , Nr,i = Number of residual oil moles of component ‘i’ 
Zr,i   = Mole fraction of component ‘i’ in the residual Oil. 
P.V = Pore volume of the reservoir at reservoir conditions   ; Sor = Residual oil saturation 
            Zero                      Constant                      Flash    
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Then,  𝑀𝑟, 𝑖 =
𝑁𝑟,𝑖
𝑃.𝑉∗𝑆𝑜𝑟
    and  𝑍𝑟, 𝑖 =
𝑁𝑟,𝑖
∑𝑁𝑟,𝑖
 
 
Hence,the residual oil concentration (Mr,i) is not constant. But the residual oil composition can also be specified in 
terms of overall mole fractions (Zr,i),which are calculated based on the above equations,and is constant.The overall mole 
fraction for this case study are plotted in Figure.10.  
 
      Figure 10: Zi (Overall Composition) plotted against time                     Figure 11: FOPT(Total Oil Production) with time 
The type of compressiblity option chosen,does impact the cumulative oil production,as the volume of mobile oil 
increases with  increase in pressure and vice-versa.But,this effect is largely secondary and huge changes in pressure(as in this 
case) are required to see minimal changes in FOPT(Total Recovery). Figure .11 above shows the FOPT(total Recovery) for the 
three options.It is clear,that the overall effect of increase in pressure leads to lower residual oil saturation( moles are essentially 
constant) for the constant and flash Options,and hence,higher cumulative oil production. 
SOR Approach: Upscaling 
 
The use of coarse grid models,upscaled from heterogenoeus fine grid models for simulation has been the ideal practice for the 
reservoir simulation industry due to the enormous simulation time required to simulate extensively heterogeneous fine grid 
models. The heterogeneities in the reservoir are more closely represented in the fine grid model,than in the coarse grid 
simulations.These heterogeneities on the microscopic scale lead to the bypassing of oil(Spence and Watkins,1980)which can 
duly be represented in the coarse grid simulations by accounting for a realistic residual oil saturation. 
  
Here,a simple idea of using the SOR approach for upscaling is being presented.Further work is required in this field 
,to certify that SOR can be used universally as an upscaling parameter.Two models(fine grid and coarse grid) are constructed 
with varying amount of heterogeneities in the fine grid model.These heterogeneities are not clearly represented in the coarse 
grid model.The grid specifications are shown in Figure.12 .The property upscaling methods are summarised in Appendix.I. 
 
                          Figure 12: The Fine grid and the Coarse grid Models with three 5- spot Patterns 
The results of miscible gas injection process for 30 years(2.1 Pore volumes of Injection) in both the models are 
FLASH 
CONSTANT ZERO 
14                                                                                                                                                        Residual Oil Saturation in Simulation Studies 
 
shown below in Figure.13. 
 
It is evident from the figure that,there is marked difference in the cumulative oil production,being less in the fine 
model due to inherent hetreogeneities,that lead to bypassing of oil.The same phenomena is not observed in the coarse grid 
model,because the heterogenieties are not honored completely.These heterogeneities as previuosly discussed(Tchelepi and Jr 
1994; Burger and Mohanty 1997; Christie and Clifford 1997)  may also lead to gas override,bypassing of oil which eventually 
gives a lower ultimate recovery. 
 
To model and account for this bypassing of oil,a pre-defined value of SOR(Residual Oil Saturation) is added to the 
coarse grid model.The value of SOR used for this particular case was 6%. Figure.13 now shows the comparison of FOPT of 
the coarse grid models with and with out SOR with the fine grid realization.The coarse grid model with a SOR of 6% matches 
the fine grid model,by taking into account the bypassing of oil. 
 
 
 
                             Figure 13: Fine Grid and Coarse Grid realizations (with and w/o SOR)                           
The above description of SOR,indicates that SOR can be used as an upscaling parameter which changes with degree 
of grid block heterogeneity.Appendix.I shows one more upscaling comparison for this case after 4 pore volumes of miscible 
gas  injection. 
 
Discussion 
 
SOR Approach:    The SOR approach successfully eliminates excessive vaporization,and defines a realistic Sorm to a gas 
flood.This residual oil is presumed to be present in small pores,which is not contacted by the gas,hence,it does not change in 
composition.The effect of heterogeneities in the reservoir have been attributed for this particular aspect of  oil 
bypassing.Moreover,the SOR approach should be used in conjunction with compressibility options in the 
simulator(SOROPTS), to allow the variation of  residual oil saturation with pressure and successfully account for the effects of 
compressibility. 
 
Comparative Study: The SOR approach is compared with the Alpha factor and the double porosity approach.The double 
porosiy approach is very time consuming,whereas the alpha factor approach is difficult to simulate as compared to the SOR 
approach.The relative merits and demerits of the alpha factor approach with the SOR approach have been discussed in the 
report. The SOR approach provides a quick and viable alternative to the problem as compared to the Alpha factor theory.The 
double porosity approach as cited by(Coats, Thomas et al. 2004)  is basically a single porosity logic,which is good as an 
approximation,but it does not have a physical basis to account for the theory. 
 
Results and Conclusions 
A workflow was developed to create a specific test case scenario based on the SPE-5 miscible gas data to access the relative 
impacts of different approaches that are used to force realistic residual oil saturation, effectively reducing the excessive 
vaporization. Investigations performed during this study have led to the following conclusions. 
Field Oil production 
Totals 
Field Oil 
production Totals 
Coarse (NO Sor) Coarse (NO Sor) 
Coarse ( Sor) 
Fine 
Fine 
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1. The SOR approach can be used as a basic approach for restricting excessive vaporization in gas floods in 
compositional Simulation. This approach is easier to implement and fast to simulate for even large reservoir models. 
2. Two Published methods were used to calculate the Alpha factors.It was found that the iterative Approach(Bourgeois, 
Thibeau et al. 2011)is better to model the alpha factors,because it allows the residual oil composition to change with 
time. 
3. The SOR compressibility option(SOROPTS) enables the user to define a Residual Oil compressibility.This option 
approximates the SOR approach to the real physical situation. Although,compressibility effects being essentially 
secondary ,the type of compressibility option chosen does not impact the cumulative recovery drastically. 
4. The SOR approach cannot be used for a Blowdown or Gas condensate(Lean gas recycling) processes,as the SOR 
approach will not allow the release of solution gas below bubble point(Blowdown).For Gas condensate 
reservoirs,there is no oil(no condensate) initially in the reservoir,for the SOR approach to be applicable. 
5. The SOR approach can also be used as an Upscaling parameter for compositional Upscaling.An example has been 
shown,with the results suggesting that SOR is quite useful as an Upscaling parameter,although,this implementation is 
rather simplistic and needs further investigation. 
Recommendations for Future Work 
1. The way residual oil saturation is defined (i.e. Weighted fraction of Pore Volume) should be made clear in the 
ECLIPSE reference manual to clear any doubts about the cumulative recovery efficiencies. 
2. A New summary vector that actually outputs the composition in terms of overall mole fraction (Zi) should be 
introduced and replace the BROMLS summary vector, which actually outputs the composition in terms of 
concentration. 
3. The SOR approach in the future should allow the user to change SOR during the simulation, which can then be used 
for lean gas recycling in gas condensate reservoirs. 
4. Further work is required to investigate the effects of ROMF option in ECLIPSE 300 that allows using a different 
composition of residual oil (Primarily heavy components) than the initial oil composition. 
Nomenclature 
 
SOR     ECLIPSE 300 SOR Approach   
Sorm    Residual oil saturation to miscible floods 
Sor, SOILR   Residual oil saturation 
SWCT              Single Well chemical tracer test 
SOROPTS   Compressibility Switch in ECLIPSE 300 
EOS             Equation of state 
FCM            First contact Miscible process 
Swc     Connate water saturation 
STONE-2    Stone Relative permeability model(2) 
PV       Pore Volume 
SOIL0,So       Initial Oil saturation 
Φ                 Total Porosity 
ΦSorm     Matrix Porosity 
Swi       Initial Water saturation 
Krw     Water relative permeability 
Krow     Oil water relative permeability 
Qo                Oil Production rate 
Qg                Gas Production rate 
Ig                 Gas injection rate 
𝜌𝑔              Density of the gas phase 
𝜌𝑜              Density of the oil phase 
 
 
ΦF       Fracture Porosity 
Vp.Ct   Product of pore volume and total compressibility 
V   Vapor fraction value, Injectant mole fraction 
FOSAT   Field Oil saturation 
FGSAT   Filed gas saturation  
FOPT   Field oil production totals(stb) 
FPR            Field Pressure(psi) 
Zi                Overall composition of component  ‘i’ 
αi    Alpha factor for component ‘i’ 
αox                      Alpha factor for oil phase component ‘i’ 
αgx                      Alpha factor for gas phase for component ‘i’ 
ALPHA    Alpha factor approach 
C    Isothermal compressibility,psi-1 
Bo    Formation volume factor,(rb/stb) 
ΔP               Change in pressure, psi      
BROMLS    Block Residual oil composition(concentration; lb-M/rb) 
F                  Total hydrocarbon present 
Uox              Darcy velocity for the oil phase  
Ugx              Darcy velocity for the gas phase 
Co                      Isothermal compressibility of oil 
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APPENDIX A: CRITICAL LITERATURE REVIEW 
 
 
 
 
 
 
 
Milestones in Residual Oil Saturation in Simulation studies 
 
                 
SPE 
Paper 
n 
Year Title Authors Contribution 
 
3791 
 
 
1972 
 
“ Determination of residual Oil 
saturation after Water Flooding” 
 
 
F.S.Gordiner 
 D.T.Gordon 
 J.R.Jargon 
First to illustrate the use of several 
Independent testing and calculation 
procedures for determining residual 
hydrocarbon saturations after Water 
flooding 
 
9229 
 
1980 
“The Effect of Microscopic Core 
Heterogeneity on Miscible Flood 
Residual Oil Saturation” 
 
 
A.P.Spence 
R.W.Watkins 
First to explain the effects of rock 
heterogeneity alone on the miscible flood 
displacement efficiency and overall 
recovery.  
 
10686 
 
1984 
“An Investigation of phase 
behavior/Macroscopic-Bypassing 
interaction in CO2 Flooding” 
 
J.W.Gardner 
J.G.J Ypma 
First to introduce the concept of 
“synergism” that leads to macroscopic 
bypassing in gas floods. 
 
22652 
 
1991 
 
“Mechanisms of Miscible oil recovery: 
Effects of Pore level fluid Distribution” 
 
D.Stern 
First to carry out the study  to see the 
effects of flow rate, wettability, WAG 
ratio on recovery mechanisms of MCM 
floods 
 
24935 
 
1992 
 
“Effect of gravity and viscous cross 
flow on hydrocarbon miscible flood 
performance in heterogeneous 
reservoirs” 
 
 
K.K.Pande 
First to explain with the aid of 
compositional simulation (CHEARS), the 
effects of viscous cross flow and 
heterogeneity on bypassing of oil .Also, 
explained the lower recoveries in FCM 
floods than MCM floods owing to viscous 
cross flow. 
 
22591 
 
1994 
 
“Transport Coefficients for 
Compositional simulation with Coarse 
grids in Heterogeneous Media” 
 
J.W.Barker 
 F.J.Fayers 
 
First to Introduce Novel transport 
Coefficients in the flow terms of a  
compositional simulator to model the 
interaction between phase behaviour and 
reservoir heterogeneity within Coarse grid 
blocks 
 
25235 
 
1994 
 
“Interaction of viscous fingering, 
permeability heterogeneity and gravity 
segregation in three dimensions” 
 
 
H.A.Tchelepi 
F.M.Orr.Jr 
First to make use of the “Particle tracking 
technique” to explain the transition from 
gravity dominated flow to viscous 
dominated flow and relating the results to 
bypassing of oil. 
 
30768 
 
1997 
 
Mass transfer bypassed zones during 
gas injection”  
 
 
J.E.Burger 
K.K.Mohanty 
Critically explained the effects of mass 
transfer in bypassed zones in gas flooding. 
Also,  described the effects of gravity, 
capillarity, pressure driven flow and rock 
heterogeneity on oil bypassing as a result 
of several mass transfer experiments 
 
48951 
 
1998 
 
“Design, Implementation and simulation 
analysis of a single well tracer test to 
measure the residual Oil saturation to a 
Hydrocarbon Miscible gas at Prudhoe 
Bay” 
A.P.Cockin 
 L.T.Malcolm 
 P.L.Mcguire 
 R.M.Giordano 
C.D.Sitz 
First to make use of the SWCT (Single 
Well Chemical Tracer) test to a full field 
(Prudhoe Bay miscible gas project) study 
of miscible gas flood residuals. 
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90898 
 
2004 
 
“Simulation of miscible flow Including 
Bypassed Oil and Dispersion Control” 
 
K.H.Coats 
 L.K.Thomas, 
 R.G.Pierson 
New logic to account for Bypassed oil 
(FCM and Dual Porosity) and Dispersion 
Control in miscible flood 
 
88719 
 
2007 
 
“New Method of incorporating 
Immobile and Non-Vaporizing Residual 
Oil saturation into Compositional 
reservoir simulation of Gas flooding” 
 
T.Hiraiwa 
 K.Suzuki 
First to develop an Innovative method of 
Incorporating residual Oil saturations, 
based on the partitioning of the fluid 
component system to accommodate the 
concept of Immobile and Non Vaporizing 
residual oil 
 
143379 
 
2011 
 
“Modelling Residual Oil saturation in 
Miscible and Immiscible gas fllods by 
the use of Alpha factors” 
 
M.J.Bourgeosis 
Jia.Guo 
Sylvain thibeau 
First to explain the use of Alpha factors 
for modelling residual Oil saturation for 
different gas flood scenarios 
(Miscible,Submiscible,Immiscible).The 
alpha factor approach is exhaustively used 
with proper accounting to the change in 
residual oil composition. 
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Determination of Residual Oil Saturation after Water flooding 
SPE 3791(1972) 
 
The paper illustrated the use of several independent testing and calculation procedures for determining 
residual hydrocarbon saturations remaining in a reservoir after water flooding. These methods include 
material balance calculations, analysis of well test data, pressure transient testing, core analysis and 
borehole log calculations. 
Authors: 
F.S.Cordiner, D.T.Gordon, J.R.Jargon 
Contribution: 
 Enhanced understanding of all the methods available for measuring residual oil saturation that 
correctly account for the full field results, and also honor the lab core flood results. 
 Enhanced understanding of co-relation of residual oil saturation measured from core analysis 
(routine and special) and real field tests (pressure transient tests and electric log analysis).  
Methodology Used 
 Used all available methods (Pressure transient tests, material balance, Water flood calculations, 
Electric log analysis and core analysis). 
 Applied all these interpretation techniques on two different field cases (to verify the presence of 
saturation gradients that exist). 
Conclusion 
 Good agreement on measurement of residual oil saturation to a water flood was obtained between 
the several independent testing methods. 
 A comprehensive approach, utilizing all available tools, provided satisfactory and meaningful 
results in both the field cases reported. 
Comments 
The calculations and independent testing methods used here are applied to fields, where there is no gas 
saturation in the field. Although, it is a good explanation of the methods, but cannot be applied to 
processes, where there is initial gas present. 
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The Effect of Microscopic Core Heterogeneity on Miscible Flood Residual Oil Saturation 
SPE 9229(1980) 
 
Investigated the influence of rock characteristics (heterogeneities), alone on miscible displacements 
behavior, through a combination of displacement flood testing and modeling. Modeling was used to 
characterize the displacement and to extrapolate the observed phenomena to untestable conditions. 
Authors: 
Spence A.P, Watkins R.W 
 
Contribution: 
 
The first detailed description of the effect of adverse heterogeneity (rock characteristics) on the recovery 
of a miscible displacement. 
 
Methodology Used 
 
 Conducted CO2/Reservoir oil stable core floods to see how rock heterogeneity effects 
displacement efficiency. 
 Conducted analog fluid displacements (Xylene displacing octane) to access again the role of rock 
characteristics in recovery of gas floods. 
 Used the capacitance-dispersion model (coats and smith) to calculate various parameters (axial 
dispersion coefficients, etc.). 
 
Conclusion 
 
 Rock-pore characteristics (severe heterogeneity) adversely affect the performance of a gas flood. 
 Sometimes, core floods can be extremely pessimistic in predicting oil recoveries. 
 The parameters obtained from solving the capacitance-dispersion model can be used to predict the 
reservoir performance at times, more representatives of the reservoir time scales. 
 
Comments 
 
Rock heterogeneity alone adversely affects the recovery quite a lot. But, it is better to a multivariate 
analysis, rather than single point variations i.e, rock heterogeneity with mobile oil saturation and 
wettability, etc. 
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An Investigation of phase behavior/Macroscopic-Bypassing interaction in CO2 Flooding 
SPE 10686(1984) 
 
 First to introduce the concept of synergism or the “synergistic interaction” between multicontact 
CO2/Crude oil phase behaviour and macroscopic bypassing that causes ultimate oil recovery to be lower 
in unstable displacements than in stable displacements. 
 
Authors: 
J.W.Gardner and J.G.J.Ypma 
 
Contribution: 
Enhanced understanding of the prediction of residual oil saturation in gas floods based on 2-D simulation 
study(using the Koval’s theory).Laboratory core floods(small lengths compared to reservoir) often 
indicate overestimate of recoveries, due to the lateral boundary effect ,which eliminated fingering with 
time. 
 
Methodology used 
 Conducted CO2/Wasson crude core floods and CO2/Soltrol core floods to indicate the effect of 
viscous instabilities on ultimate oil recoveries. 
 Explained CO2 core flood data reported from various literature, that indicate presence of lateral 
boundary effects, that results in elimination of viscous fingering, ultimately overestimating the 
actual field results. 
 Conducted 2-D simulation (based on Koval’s theory) to predict the extent of lateral boundary 
effect (reduces Sor) and predict the extent of “Synergism” (that increases Sor). 
 
Conclusion 
There does exist a synergistic interaction between multicontact CO2/Crude phase behavior and 
macroscopic bypassing that reduces the total oil recovery which also explains the presence of higher Sor in 
regions of higher throughputs(contrary to a first thought). 
 
Comments 
The synergistic interaction explained in the paper corresponds to the effect of oil bypassing in real gas 
floods. High level of oil bypassing, leads to higher synergism, eventually resulting in higher Sor. 
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Mechanisms for miscible oil recovery: Effects of pore level distribution 
SPE-22652 (1991) 
 
Conducted tertiary MCM CO2 floods to study effects of flow rate, core length, oil viscosity, wettability, 
WAG ratio and initial water saturation on displacement mechanisms. 
 
Authors: 
Stern.D 
 
Contribution: 
 
 Enhanced understanding of pore level bypassing, viscous fingering in MCM floods with respect to 
recovery of oil and the measurement of Sorm. 
 
 
Methodology used: 
 
 Core floods were carried out to infer the mechanisms of bypassing in MCM displacements. 
 Micro visualization hardened in place was used to observe viscous fingering. 
 
Conclusions reached: 
 
 Clear evidence of interaction between fluid flow and phase behavior. 
 Core floods clearly indicate bypassing of oil (extracted oil changes in composition). 
 Bypassing not a strong function of core length/flow rate but increases with the increase in 
viscosity ratio of oil and solvent. 
 High water saturations reduce the amount of extraction in W.W and O.W rocks. 
 Macroscopic bypassing (i.e. viscous fingering) unlikely to happen at low flow rates. 
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Effect of gravity and viscous cross flow on hydrocarbon miscible flood performance in 
heterogeneous reservoirs 
SPE 24935 (1992) 
 
Simulated different case scenarios on compositional model to see the effect of local displacement 
efficiency and the viscous sweep efficiency on the overall recovery of the oil floods. 
 
Authors: 
Pande K.K 
 
Contribution: 
 Conducted simulation experiment which indicated that even FCM displacement with local 
displacement efficiency yield lower recoveries than MCM floods that have better viscous sweep 
efficiencies owing to viscous cross flow and low gravity over ride as compared to FCM floods. 
 
 
Methodology used: 
 
 Simulation of different I-D models by using CHEARS (reservoir simulator compositional). 
 Different level of heterogeneity along with different types of gases is used to model both MCM 
and FCM floods. 
 
Conclusion 
 Gravity and viscous cross flow can improve recovery in hydrocarbon miscible floods over that 
obtained w/o cross flow. 
 There is tradeoff between local displacement efficiency and sweep efficiency. 
 
Comments: 
 
 The first detailed description of the comparison of FCM and MCM floods with regards to viscous 
sweep efficiencies. 
 Use of a compositional reservoir simulator, to attempt modeling of gravity gas override and 
bypassing. 
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Transport coefficient for compositional simulation with coarse grids in heterogeneous media 
SPE-22591(1994) 
 
Formulated the approach of using the novel transport coefficient(α factors) in flow terms of compositional 
simulation to model the interaction between phase behavior and reservoir heterogeneity within coarse grid 
blocks applied to both lean gas and rich gas injection in stochastically generated heterogeneous reservoir 
cross section 
 
Authors:- 
Barkers J W & Fayers F J 
 
Contribution: 
 Formulation of a technique to model the complex phase behavior (redistribution of phases)in 
compositional simulation of oil reservoir and reduce errors due to numerical dispersion and 
improper averaging of internal heterogeneities. 
 More realistic approach towards modeling multi contact miscible gas floods rather than previous 
erroneous approach using viscous fingering model in conjunction with FCM floods. 
 
Methodology used: 
 The mass balance equation for hydrocarbon component (1) was modified by use of transport 
coefficients. Pseudo relative permeability’s were used in conjunction with α factor to correct both 
flowing and flow compositions respectively. 
 Representative element volumes (REV) were selected to calculate the α factor. 
 The commercially available compositional simulator (VIP) with an IMPES type solution 
procedure was used to carry out the simulation and validate the approach. The approach was 
validated for 1-D lean gas injection and miscible flood injection.                  
 
 Conclusion:- 
 The novel approach of introducing transport coefficients (α factor) to improve accuracy of 
compositional simulation was successfully demonstrated for gas injection floods. 
 The success of the technique when used to model the MCM floods purely depends on the choice 
of pseudo rel- perms. 
 All the demonstrations were for 1 D flow. Further extensions are therefore required to demonstrate 
3-D applications. 
 
 
 
 
 
 
 
 
 
Residual Oil Saturation in Simulation Studies XI 
 
  
 
Interaction of viscous fingering, permeability heterogeneity and gravity segregation in three 
dimensions 
SPE 25235 (1994) 
 
Uses a finite/particle tracking techniques for simulation of unstable miscible displacements to study the  
transition from gravity dominated flow to viscous dominate flow. 
 
Authors: 
Tchelepi H.A and Orr.F.M.Jr 
 
Contribution: 
 
Enhanced understanding of the correlation between gravity dominated flow regimes (gravity segregation) 
&viscous dominated flow regimes (Viscous fingering). 
The relative importance of viscous and gravity forces measured by viscous/gravity forces, Rv/g, has also 
been described for both 2-D and 3-D simulations. 
 
Methodology used: 
 
 Use of a hybrid finite difference/particle tracking technique. 
 Simulation was done for both homogeneous and permeability varied heterogeneous cases. 
 Both the simulations were analyzed with and without the effect of gravity. 
 
Conclusion: 
 
 Without gravity, 2-D &3-D simulation for any value of Rv/g give the same results. 
 With gravity, permeability heterogeneity disrupts vertical flow. 
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Design implementation and simulation analysis of a single well chemical tracer test (SWCT) to 
measure the residual oil saturation to a hydrocarbon miscible gas at Prudhoe Bay. 
SPE 48951: (1997) 
 
The first published field case study of measuring residual oil saturation to miscible flooding using single 
well chemical tracer test (SWCT) technology. 
This paper also explains with simulation results the cause of the measured residual oil saturation to be 
higher than the excepted (core flood results). 
 
Authors: 
Cockin A.P, Malcolm L.T, M.C Guire, Giordano R.M Sitz C.D. 
 
Contribution: 
 
 Field example case study of measuring Sorm by SWCT, indicating presence of bypassed oil to 
miscible gas flooding in real reservoir systems. 
 Enhanced understanding of incorporating Sorm in simulation to explain any deviation of measured 
Sorm with the core floods results. 
 
Methodology: 
 The SWCT test which was carried out consisted of 2 measurements viz, Sorw and Sorm. The actual 
detail of the test can be studied from the paper itself. 
 The simulation study carried out was based on grid block heterogeneity, resulting in permeability 
variations, that eventually leads to bypassed Oil to the miscible gas flood front: 
 
Conclusions 
 
 New technique to measure Sor to miscible gas floods that do not yield realistic results in core-
floods experiments. 
 This SWCT was conducted at high through puts than the actual field through put of gas to avoid 
the incomplete sweep of gas due to viscous fingering, which can lead to erroneous results while 
measuring Sorm. 
 
Comments 
 
 Reported the first ever use of SWCT in a miscible gas project to measure the Sorm. 
 Suggested that simulations should account for realistic Sorm . 
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Mass transfer bypassed zones during gas injection  
SPE 30768(1997): 
 
Studied the effects of core orientation on mass transfer in core floods. The relative impact of various 
mechanisms such as gravity override, viscous fingering and rock heterogeneity that lead to by passing of 
oil on the cumulative recovery were also described. 
 
Authors:  
Burger J.E, Mohanty K.K 
 
Contribution: 
 
 Enhanced understanding of the process of diffusion mass transfer in gas injection processes. 
 The relative impact of capillary pressure, interfacial tension, gravity forces on the recovery of 
miscible & immiscible displacement have been explained. 
 The extent of oil bypassing due to capillary dominated and gravity dominated flow, is explained 
for both homogeneous and heterogeneous reservoirs. 
 
Methodology: 
 
 Conducted two sets of experiment on homogeneous and heterogeneous cores, which are: 
o Mass transfer experiments(No Pressure driven flow) 
o Core flood experiments (all mechanism of cross flow) 
 Four different set of injections gas were used namely first contact miscible, multicontact miscible, 
sub miscible and immiscible depending upon the enrichment. 
 2-D simulation also conducted to investigate the impact of diffusion, dispersion. Capillary, 
gravity, heterogeneity and phase behavior in these mass transfer and core flood experiments. 
 
Conclusion 
 
 In vertical orientation liquid face diffusion effects reaction mass transfer from bypassed zones. 
 For homogeneous cores, 2-phases flow reduced the effect of gravity over ride. 
 Gravity driven flow contribute the most to mass transfer in the horizontal and inverted orientation, 
this flow however is impeded by capillary, whose magnitude decreases with enrichment. 
 Low capillary pressure and presence of 2 phases gives less gravity over ride in case of 
homogeneous core floods the capillary pressure can attenuate by reducing mass transfer from the 
bypassed zones. 
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Simulation of miscible flow including bypassed oil and dispersion control 
 
SPE 90898(2004) 
 
Formulated an approach of modeling residual oil saturation in compositional studies by using the methods 
of pseudoization and extension of the Koval’s method. Also formulated the approach of modeling Sor, 
through a double porosity system(Single porosity logic) and compared the result of simulation 
 
Authors 
Coats K H, Pierson R.G & Thomas L.K 
 
Contribution 
 Formulation of a method to allow “bypassed oil” to be calculated implicitly as a function of 
pressure and composition. 
 Field example validation of dispersion control based on an extension of Koval’s method. 
 Enhanced understanding of modeling double porosity system to account for “bypassed oil” in 
compositional simulation. 
 
Methodology used 
 The compositional calculation of FCM case is performed in pseudo two component EOS mode, 
rather than a Nc component mode. 
 The relative permeability from Krow (Sw) and Krg(at Sg=1-Sw) is performed as linear in ‘Z’ 
where ‘Z’is time variant mole fraction of solvent in block’s hydrocarbon case. 
 Bypassed oil and dispersion control are calculated by using Koval’s extended approach to model 
viscous fingering and correction of the over prediction of fractional flow of oil versus time. 
 For double porosity approach, the reservoir is partitioned into 2 porosities namely:- 
o One equal to the specified amount of the bypassed oil:-[ϕ Sorm= ϕ*Sorm/1-Swi]. 
o And the other equal to total porosity minus bypassed oil porosity: [ϕ’= ϕ- ϕSorm]. 
 The transfer function is calculated simply as the [product of transmissibility of each phase times 
the difference in phase pressure. 
 
Conclusion 
 
o New procedure for simulation of FCM projects that includes both bypassed oil andand dispersion 
control. The dispersion control unit can be used to either increase or decrease the numerical 
dispersion in the model. 
o The FCM case assumes that all blocks are under saturated for all time. In actuality the field may 
have space –time and/or near producer regions, that are saturated. 
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New method of incorporating immobile and non vaporizing residual oil saturation into 
compositional reservoir simulation of gas flooding 
 
SPE 88719[2007] 
 
Developed a method based on alpha factor approach of Fayers et.al(1992) to force a Sorm to a gas flood. 
The method consisted of making the residual oil immobile and non vaporizing, thus leading to near 
accurate evaluation of gas flooding ,honouring the Sorm derived from laboratory core flood experiments. 
 
Authors: Hiriawa T & Suzuki K 
 
Contribution 
 
 Contributed to knowledge of use of alpha factors, to account for residual oil saturation, to real 
reservoir 3D model. 
 Suggested/Proved Sorm as an “upscaling parameter” that would change with grid resolution and 
reservoir heterogeneity. 
 Enhanced understanding of relative permeability modification to correct the flows, so that it is 
compatible with the alpha factors that correct the flowing compositions. 
 
Methodology used 
 
The method consists of 3 elements:-   
o The portioning of fluid component system 
o An innovative application of transport coefficient 
o Relative permeability modification caused by inclusion of transport coefficient.  
The fluids are partitioned in 2 ways namely:- 
Immobile portion, Zi,a(composition.)  and a  Mobile portion, Zi,b(composition). 
‘I’ denotes the component.  
  Alpha factors are assigned to the mobile and immobile portions:- 
                             αi= [0, for dedicated immobile portion, ia] 
                                   [1 for mobile portion α, ib] 
The relative permeability are adjusted to correct the flows of each phase as follows: 
                               Krog, modified=C*Krog, original 
                                           Krow, modified=C*Krow, original  
 
 
 
 
Conclusion 
 A quick method of using alpha factors for restricting vaporization beyond a prescribed residual oil 
saturation 
 Assumed that the composition of remains the same throughout the simulation. But in actual it 
changes, which can be dealt with by defining specific transport coefficient to each component. 
 
Where [‘C’=So/ So - Sorm] 
 Sorm=input residual oil saturation. 
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Modeling Residual Oil saturation in Miscible and Immiscible Gas Floods By use of Alpha factors 
 
SPE 143379(2011) 
 
Explained the use of the Alpha factors for imposing residual oil saturation to a host of gas flooding 
operations (Miscible, Immiscible and Sub-Miscible).The Alpha factor theory used here accounts for the 
change in composition of the residual oil with the injectant volume fraction. 
 
Authors 
M.J.Bourgeois, Sylvain Thibeau, Jia Guo 
 
Contribution 
 First to make the use of Alpha factors to explain modeling of residual oil saturation for both 
miscible and immiscible gas flooding scenarios. 
 First to explain the effects of injectant gas composition, microscopic heterogeneity and phase 
behavioral changes on the calculation of Alpha factors for simulation. 
 
Methodology used 
 The calculation of the alpha factors((Barker and Fayers 1994) to impose a realistic Sor by using an 
iterative approach. 
 The alpha factors developed in this study accounted for the change in residual oil composition 
with the change in the injection (gas) mole fraction with time. 
 Simulation for both miscible and immiscible case with the use of the alpha factors. 
 
Conclusion 
 Enhanced understanding of the numerical concept of the Alpha factor theory, with regards to 
imposing a realistic Sor. 
 The explanation of the alpha factor theory for immiscible floods (never proved before). 
 
Comments 
 
The first ever exhaustive explanation and original use of the use of the alpha factor theory for imposing 
residual oil saturation to correctly estimate oil recovery efficiencies. 
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APPENDIX B: FLUID MODEL (SPE-5) 
 
The Fluid Model used in the all the simulation models tested and compared based on different approaches 
is the SPE-5 (Killough and Kossack 1987).The details of the fluid model are given here: 
Reservoir Temperature= 160
0
 F 
Equation of State = Peng-Robinson EOS (6- Component) 
               
The reservoir oil and the injection gas composition are as follows: 
 
The composition of the oil is constant with depth. The calculated density of the reservoir oil is 35.31 lb/ft
3 
and the injection gas density is 0.6864 lb/ ft
3
.The calculated FCMP pressure from PVTi (Schlumberger 
PVT Package) is 3800 Psi. The Multi contact Miscibility pressure (MMP) is 3200 Psi. 
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APPENDIX C: MATHEMATICAL DETAILS OF THE SOR APPROACH 
 
Residual oil is defined in ECLIPSE 300 by the SOR keyword and is modeled by a constant number of 
moles (overall composition) per cell.  The residual oil does not take part in the flash calculations, and 
hence does not move.  The initial saturation is set by the user, but can change with pressure, depending on 
the compressibility of the residual oil. 
Definitions 
 
Moles of component i per unit pore volume:    Mi   
Moles of water per unit volume:     Mw 
Moles of component i per unit pore volume in residual oil:  Mori 
Mobile moles of component i per unit pore volume:   Mi
m
 = Mi – Mori 
Total mobile moles per unit pore volume:    MT
m 
= Σ Mi
m
 
Initialization 
 
The residual oil saturation is set to the minimum of the initial oil saturation and the user specified residual 
oil saturation (SOR).  The residual oil composition is set equal to the initial oil composition.  This 
calculation is performed after the initial reservoir flash. 
Flash initial composition Mi to get:     L, V, Xi, Yi, Bo, Bg 
Calculate saturations:      So, Sg 
Define initial residual oil saturation:    Sor
o
 = Min(SOR,So)   
 
Fluid properties and saturations 
The mobile hydrocarbon is used in the domain (property) calculations. 
Flash mobile moles Mi’ to get:      L
m
, v
m
, Xi
m
, Yi
m
, Bo
m
, Bg
m
 
Volume of mobile oil:     Vo
m
 = L
m
.MT
m
/Bo
m
 
Volume of mobile gas:       Vg
m
 = v
m
.MT
m
/Bg
m
 
Volume of mobile water:      Vw
m
 = Mw
m
/Bw
m
 
Total mobile volume:      VT
m
 = Vo
m
 + Vg
m
 + Vw
m
 
(Volumes are per unit volume, so are in fact fractions) 
 
Mobile oil saturation:      So
m 
= Vo
m
/VT
m
 
Mobile gas saturation:     Sg
m 
= Vg
m
/VT
m
 
Mobile water saturation:     Sw
m
 = Vw
m
/VT
m
 
        So
m
+Sg
m
+Sw
m
 = 1 
 
Volume of residual oil:      Vor 
Actual volume:       VT = VT
m 
+ Vor 
Residual oil saturation:      Sor = Vor/VT 
Hence 
    Vor =Sor . VT = Sor.(VT
m
 + Vor) 
    Vor. (1-Sor) = Sor.VT
m
 
    VT = VT
m
 + VT
m
.Sor/(1-Sor) = VT
m
/(1-Sor) 
 
Actual oil saturation:  So = (Vo
m
 + Vor) / VT = Vo
m
/VT + Sor = (1-Sor).So
m
 + Sor 
Actual gas saturation:  Sg = Vg
m
 / VT = (1-Sor).Sg
m
  
Actual water saturation: Sw = Vw
m
 / VT = (1-Sor).Sw
m
 
    So + Sg + Sw = (1-Sor).(So
m
+Sg
m
+Sw
m
) + Sor = 1 
Apart from the saturations, all the hydrocarbon properties used in the domain calculations and for 
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reporting are for the mobile fluid, e.g. Xi
m
, Yi
m
, Bo
m
, Bg
m
 and viscosities.  The actual saturations are used 
to calculate the relative permeabilities. 
 
 
Nomenclature 
 
SOR     ECLIPSE 300 SOR Approach   
Sor, SOILR    Residual oil saturation 
Swc     Connate water saturation 
PV       Pore Volume 
‘0’              Initial condition 
SOIL0,So
i
     Initial Oil saturation 
Sw      Water saturation 
So Oil Saturation 
Sg               Gas saturation 
Bo     Formation volume factor for oil,(rb/stb) 
Bg               Formation volume factor for gas,(rb/scf) 
 
v Vapor fraction 
L      Liquid Fraction 
Zi                Overall composition of component  ‘i’ 
Xi                Overall composition of component  ‘i’in liquid 
Yi              Overall composition of component  ‘i’in vapor 
Vo               Volume of Oil 
Vg               Volume of Gas 
Vw              Volume of water 
VT Total Volume 
“r”               Residual (immobile)(saturation, moles, fractions) 
“m”              Mobile(saturation, moles, fractions) 
Mi                 Moles of component i 
MT                 Moles of component i 
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APPENDIX D: IMMISCIBLE FLOOD CASE FOR SOR APPROACH 
 
The SOR approach for restricting excessive vaporization works equally well for immiscible cases as it 
does for the miscible case. Here an example data case is shown for the immiscible case, which has the 
same grid as used for the FCMP case. The only difference is the Gas injection rate, which has now 
increased to 25,000 Mscf/day as compared to the 15,000 Mscf/day for the FCMP case. 
 
The simulation grid for this case is shown below in Figure D.1. Also shown in Figure.D 2 are the 
results of the simulation for the immiscible case (20% SOR, 40% SOR and NO SOR case). 
 
 
 
 
Figure D 1: Simulation grid for immiscible case 
The simulation grid results satisfy the requirement of forcing a user defined Sorm which is realistic in gas 
floods. This particular simulation case describes the scenario of an immiscible displacement with the 
same SPE-5 PVT model for three values of SOR (0%, 20%, and 40%) and the plots absolutely match the 
expected results. This effectiveness of SOR gives it a vast edge over the use of Alpha factors, because the 
Alpha factor approach as cited by (Bourgeois, Thibeau et al. 2011)need different tables of alpha factors 
for both the oil and the gas, which in turn increases the simulation time along with the time to formulate 
the alpha factor tables. Also, the relative permeability curves need slight modification in the immiscible 
case for the Alpha factors (Bourgeois, Thibeau et al. 2011). 
 
Previously, some authors (Barker, Prévost et al.)have suggested without experiments or 
simulations that the Alpha factors approach can be applied to immiscible gas injection, if the regions, 
where the immiscibility exists are fairly low as compared to the whole reservoir. 
 
The bubble point pressure (saturation pressure) of the SPE-5 fluid model calculated by PVTi is 
2400 Psi. The reservoir pressure for this case was 2800 psi (Initially).The Pressure was constrained not to 
fall below the bubble point pressure and also, not to exceed the Minimum Miscibility pressure (MMP). 
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Figure D 2: Simulation results of the Immiscible Case for the SOR approach 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Field Gas Saturation 
Field Oil Production 
Totals 
Field Oil Saturation 
Field Pressure 
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APPENDIX E: ALPHA FACTOR CALCULATION (Hiriawa and Suzuki) 
 
The “Hiriawa and Suzuki” approach is based on fluid portioning approach of portioning the oil into 
mobile oil and residual oil. This approach assumes the residual oil composition to be constant and hence 
only gives values of alpha factors as 1 or 0. 
Example, for a user defined Sor= 20% 
 
The fluid model (The reservoir oil) and the injection compositions are as follows: 
  
 
Initializing the model using the approach of Hiriawa and Suzuki, includes partitioning the reservoir into 
mobile portion and immobile portion, hence portioning each component mol fraction into a mobile 
fraction and an immobile fraction. 
 
The variation of the overall mole fractions for each component with the vapor fraction value (V) is 
shown in table 1.The calculations shown are according to equation shown below. 
   𝑍𝑖 = 𝑉 ∗ 𝑦𝑖(𝑖𝑛𝑗) + (1 − 𝑉) ∗ 𝑥𝑖(𝑟𝑒𝑠) 
 
 
Table E 1: Overall mole fraction for each component with vapor fraction value 
 
Immobile Fractions in the Table (Mole fractions from the Initialization Table are Immobile) 
 
Now, according the Hiriawa and Suzuki approach, the mobile component has an alpha factor 
value of 1, and the immobile fraction has an Alpha factor value of 0.So, the Portion of component mole 
fractions marked by                in Table E.1 above are awarded a Alpha factor value of 0 and the rest of the 
components are awarded a Value of 1.The Alpha factor table thus generated is shown here. 
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These two tables are for the Alpha factors for the gas phase and the Alpha factors for the oil phase. 
Because, the case was a FCM case, The Alpha factors for both the gas and the oil phase are equal. There 
is also a relative permeability modification, proposed by the authors to be used with this approach. But, it 
hasn’t been used here, because close to satisfactory results were obtained without it. 
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APPENDIX F:  ALPHA FACTOR CALCULATION (Bourgeois, iterative) 
 
Very recently, an Innovative and more physical approach of calculating the Alpha factors has been 
proposed by(bourgeois).This methodology allows the Alpha factor usage to restrict residual oil in gas 
injection processes. Moreover, this method is more physical in the application of the Alpha factors than 
the previously discussed Hiriawa and Suzuki approach. The calculation method is briefly shown here with 
the Alpha factor table used in the simulation for a 20% Sor case. 
 
A user defined Sor value is used to calculate β, the immobile hydrocarbon volume fraction, that is 
defined as: 
    𝛽 =
𝑆𝑜𝑟
(1−𝑆𝑤𝑐)
 
 
The overall composition (Zi) at any time in the reservoir during gas injection process is related as: 
𝑍𝑖 = 𝑋𝑖. (1 − 𝑣) + 𝑌𝑖. 𝑣 
                   Where Xi=Liquid mole fraction 
                               Yi=Gas mol Fraction 
                               v= Injectant Mole fraction 
 
This overall composition (Zi) can also be defined as a function of the flowing composition and the 
immobile composition as, 
𝑍𝑖 = 𝑍𝑖𝑓. 𝐹 + 𝑋𝑖, 𝑟. (1 − 𝐹) 
       Where,F= Flowing mole fraction 
                  Zif = Flowing composition 
                  Xi, r =Immobile composition 
 
Then the definition of the Alpha factor for any component ‘i’ is expressed as: 
                            αi = Zif / Zi 
 
The Flowing fraction (F) can also be expressed as a function of the densities of the residual and flowing 
mixtures as, 
                     𝐹 =
(1−𝛽)
1−𝛽.(1−
𝜌𝑟
𝜌𝑓
)
 
                   Where ρr = density of the residual mixture 
                               ρf = density of the flowing mixture 
 
From “F”,the alpha factor can be calculated as: 
 
          𝛼𝑖 =
1−(1−𝐹).𝑋𝑖,𝑟
𝐹
 
 
The above equation cannot be solved directly, because both F and Xi,r depend on the composition 
of the flowing and the immobile part, which themselves depend on the alpha factors. The problem is 
indeed iterative as it has to be solved for different mixtures (each of which is defined by its ‘v’ value). 
The alpha factors for a 20% Sor case were developed using the same approach discussed here. The 
calculation of the Alpha factors for the heavier components is quite difficult and Iteration is then used to 
impose the required residual oil saturation. The alpha factor values used in ECLIPSE are the same for oil 
and gas phases for the FCM case. But, they are different for a multi contact miscible case. The actual 
alpha factor table (20% Sor) calculated using the Bourgeois approach is shown here. It is highly 
recommended not to consider the above explanation of the alpha factors as a benchmark and study the 
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explanation given by Bourgeois as the original and effective one. Figure F.1 below shows the calculation 
of the alpha factors. Figure F.2 shows the alpha factor values for both the oil and the gas phase used for 
the first contact miscible alpha factor simulation in this study. 
 
 
Figure F 1: The calculation method showing the overall mole fractions of the components (variation with ‘v’ value) 
 
 
 
 
 
Figure F 2: Alpha factor values for the simulation case (both oil and gas phase) 
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Appendix G: Different compressibility options 
 
Since, the residual oil composition is constant. We can assume the volume is a function of pressure. 
 
Volume of Residual Oil = 𝑉𝑜𝑟 
𝑉𝑜𝑟 = 𝑉𝑜𝑟(𝑃) 
 
Then the Residual Oil Saturation (Sor) is: 
𝑆𝑜𝑟(𝑃) =
𝑉𝑜𝑟(𝑃)
𝑃.𝑉.
.......................................................................................................... (1) 
 
Differentiating the above equation: 
𝑑𝑆𝑜𝑟(𝑃)
𝑑𝑃
=
1
𝑃.𝑉
.
𝑑𝑉𝑜𝑟
𝑑𝑃
− 
𝑉𝑜𝑟
(𝑃.𝑉)2
.
𝑑(𝑃.𝑉)
𝑑𝑃
…………………………………………………… (2) 
 
 
This can be transformed using Equation (1) above as: 
1
𝑆𝑜𝑟
.
𝑑𝑆𝑜𝑟(𝑃)
𝑑𝑃
= (
1
𝑉𝑜𝑟
) .
𝑑𝑉𝑜𝑟
𝑑𝑃
− (
1
𝑃.𝑉
) .
𝑑(𝑃.𝑉)
𝑑𝑃
……………………………………………. (3) 
 
From the above equation and using equation (1), the first term on the RHS of equation (3) is: 
 
Compressibility of residual oil =− (
1
𝑉𝑜𝑟
) .
𝑑𝑉𝑜𝑟
𝑑𝑃
………………………………………….. (4) 
 
And the second term is equal to the, 
 
Compressibility of the Rock = − (
1
𝑃.𝑉
) .
𝑑(𝑃.𝑉)
𝑑𝑃
………………………………………… (5) 
 
Now considering  
 
Option 1: Zero Compressibility 
𝑆𝑜𝑟 = 𝑆𝑜𝑟(𝐼𝑛𝑖𝑡𝑖𝑎𝑙) = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 
 
The above equation when substituted in Equation (3) will result in negative residual oil compressibility 
exactly opposite to the rock compressibility. 
 
Option 2: Constant Compressibility 
 
Compressibility of residual oil =Constant = B (say) 
Then, from Equation (4):  
(
1
𝑉𝑜𝑟
) .
𝑑𝑉𝑜𝑟
𝑑𝑃
= −𝐵 
Hence, 𝑉𝑜𝑟 = 𝐴. exp(−𝐵. 𝑃) 
Where 𝐴 = 𝑉𝑜𝑟(𝐼𝑛𝑖𝑡𝑖𝑎𝑙). exp [𝐵. 𝑃(𝐼𝑛𝑖𝑡𝑖𝑎𝑙)] 
and  𝐵 = −
1
𝑉𝑜𝑟
.
𝑑𝑉𝑜𝑟(𝐼𝑛𝑖𝑡𝑖𝑎𝑙)
𝑑𝑃(𝐼𝑛𝑖𝑡𝑖𝑎𝑙)
 
 
Option 3: Flash Compressibility 
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The Residual Oil is flashed to calculate  𝑉𝑜𝑟 and  
𝑑𝑉𝑜𝑟
𝑑𝑃
  at each time step. If flash does not result in 
a single phase fluid, means that the reservoir has gone below the bubble point. Then the Flash option 
switches to a constant one, using the values A and B from the last good flash. 
The options used in this compressibility switch of SOR (SOROPTS) in ECLIPSE 300 are easy to 
implement and is robust in approach. The functionality of each compressibility option is summarized in 
Figure G.1 below in the form of a flowchart.  
 
 
 
Figure G 1: Compressibility options functionality 
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APPENDIX H: PRODUCTION PLAN (COMPRESSIBILITY SIMULATION CASE) 
 
 
 
                  
 
Diagram: Production Plan for simulating the compressibility case. This was done to have magnitude 
changes in Pressure, to access changes in mobile oil saturation due to compressibility variations. 
Also shown in Figure H.1 below are the different gas injection rates that have been used in this case. 
 
 
 
Figure H 1: Gas Injection rates for the compressibility options test case 
 
 
 
 
 
 
Period 1 
• Production(5000 stb/day) 
• Injection(SHUT) 
• Total Time: 400 days 
Period 2 
• Production(5000 stb/day) 
• Injection(20,000 Mscf/day) 
• Total Time: 3000 days 
Period 3 
• Production(4000 stb/day) 
• Injection(SHUT) 
• Total Time: 500 days 
Period 4 
• Production(4000 stb/day) 
• Injection(30,000 Mscf/day) 
• Total Time: 4000 days 
Period 5 
• Production(5000 stb/day) 
• Injection(SHUT) 
• Total Time: 1000 days 
Period 6 
• Production(5000 stb/day) 
• Injection(50,000 Mscf/day) 
• Total Time: 5000 days 
Period 7 
• Production(4000 stb/day) 
• Injection(SHUT) 
• Total Time: 1000 days 
Period 8 
• Production(5000 stb/day) 
• Injection(70,000 Mscf/day) 
• Total Time: 4000 days 
END 
• END(Total time= 18700 DAYS 
 
Production with Injection 
Production without Injection 
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APPENDIX I: UPSCALING: 
 
The Property Upscaling methods used for upscaling the Fine grid model to the coarse grid realizations is 
shown in Table I.1.As described before, very less weightage and consideration is given to the way, these 
properties have been upscaled, to account and access the versatility of SOR as an Upscaling parameter 
that changes with sub grid block heterogeneity. 
 
Property  Upscaling Method  
Porosity  Arithmetic(Volume Averaged)  
Permeability X Arithmetic(Cell count)  
Permeability Y  Arithmetic(Cell count)  
Permeability Z  Arithmetic(Cell count)  
 
Table I 1: Property upscaling methods 
 
Apart from the Example case described in the report, one more case of upscaling with SOR is 
described here. This case with the same coarse and fine grid models is compared after 4.2 PV of injection 
.The results of the simulation are described below. The SOR now required to match the fine grid results is 
5.85%, instead of the value of 6% obtained for 2.1 PV of Injection. The SOR decrease is attributed to the 
fact, that the Mass transfer and axial dispersion with continued injection increases the recovery of oil, but 
the decrease in SOR value is not substantial, which indicates the quantified SOR to be majorly comprised 
of oil in dead end pores. 
 
 
 
Figure I 1: Simulation results comparison (Upscaling with SOR) 
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 --APPENDIX J: Example Data set SOR (20%) for first contact miscible (FCM) Case 
 
 
 
------------------------------------------------------------------------------------------ 
------------------------------------------------------------------------------------------ 
 
---This is an example data set for FCM(First contact Miscible) case for SOR keword 
---SOR of 20% used in  this case 
---SPE-5 PVT model 
-- SPE 16000 
-- "Fifth Comparative Solution Project : Evaluation of Miscible Flood Simulators" 
-- J.E. Killough, C.A. Kossack 
-- 
-->The fifth SPE comparison problem , reported by Killough and Kossack 
-- ( 9th SPE Symp on Res. Sim., San Antonio, 1987). 
-- Dimension 7x7x3- 
-- 6 components 
-- FIELD units 
-- The run follows a primary production cycle before Miscible Gas Injection 
------------------------------------------------------------------------------------------- 
 
RUNSPEC   
=================================================================================================================
============================ 
 
 
TITLE 
  SIMPLE MISCIBLE FLOOD CASE FOR SOR KEYWORD 
 
DIMENS 
  7 3 3 / 
 
OIL 
 
WATER 
 
GAS 
 
----DEFINES THE COMPOSITIONAL RUN WITH 6 COMPONENTS 
 
COMPS 
 
6 / 
 
 
FIELD 
 
-------------------------------------------------------------------- 
----DEFINES THE MISCIBLE INTERPOLATION OF RELATIVE PERMEABILITIES 
-------------------------------------------------------------------- 
MISCIBLE 
 / 
 
TABDIMS 
2 1 2* 2 / 
 
WELLDIMS 
/ 
EQLDIMS 
 1 200/ 
 
 
START 
 1 JAN 2011 / 
 
NSTACK 
 / 
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UNIFOUT 
 
UNIFIN 
 
GRID      
=================================================================================================================
============================ 
 
 
 
INIT 
 
---THE SIZE OF THE BLOCKS IN X,Y AND Z DIRECTIONS CREATES AS VECTORS 
 
DXV 
7*500 / 
 
DYV 
3*500 / 
 
DZV 
20 30 50 / 
 
----SPECIFIES THE DEPTH AT THE TOP OF EACH LAYER 
 
TOPS 
21*8325 21*8345 21*8375 / 
 
-----GRID PROPERTIES(POROSITY,PERMEABILITY) 
PORO 
 
63*0.3  / 
 
PERMX 
21*500 21*50 21*200 / 
 
PERMY 
21*500 21*50 21*200 / 
 
PERMZ 
21*50 21*50 21*25 / 
 
 
PROPS   
=================================================================================================================
============================== 
 
------------------------------------------------------------------------------------ 
----STONE IS A SYNONYM FOR THE STONE-2 RELATIVE PERMEABILITY MODEL-------------- 
----------------------------------------------------------------------------------- 
 
STONE 
 
----RELATIVE PERMEABILITY FOR (WATER-OIL) AND (GAS-OIL)--------------- 
 
SWOF 
0.29600 0.00000 1.00000 0.00000 
0.30000 0.00000 0.90122 0.00000 
0.32000 0.00000 0.54991 0.00000 
0.34000 0.00002 0.35134 0.00000 
0.37000 0.00032 0.18153 0.00000 
0.40000 0.00176 0.09812 0.00000 
0.43000 0.00624 0.05552 0.00000 
0.46000 0.01712 0.03282 0.00000 
0.49000 0.03967 0.02007 0.00000 
0.52000 0.08140 0.01224 0.00000 
0.55000 0.15261 0.00641 0.00000 
0.58400 0.28600 0.00000 0.00000 
1.00000 1.00000 0.00000 0.00000/ 
 
/ 
 
SGOF 
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0.000000  0.000000  1.000000  0.000000 
0.014083  0.001083  0.770255  0.000000 
0.028167  0.003062  0.578704  0.000000 
0.042250  0.005625  0.421875  0.000000 
0.056333  0.008660  0.296296  0.000000 
0.070417  0.012103  0.198495  0.000000 
0.084500  0.015910  0.125000  0.000000 
0.098583  0.020049  0.072338  0.000000 
0.112667  0.024495  0.037037  0.000000 
0.126750  0.029228  0.015625  0.000000 
0.140833  0.034233  0.004630  0.000000 
0.154917  0.039494  0.000579  0.000000 
0.169000  0.045000  0.000000  0.000000 
0.704     1         0         0/ 
/ 
 
PVTW 
       4000.0     1.000        3.3D-6           0.70            0 / 
 
ROCK 
        4000.0        5.0D-6          / 
ECHO 
-- Units: F 
RTEMP 
--  
-- Constant Reservoir Temperature 
--  
         160 
/ 
----------------PVT COMPOSITIONAL DATA IMPORTED FROM PVTi-------------------------------- 
  
EOS 
--  
-- Equation of State (Reservoir EoS) 
--  
   PR 
/ 
  
NCOMPS 
--  
-- Number of Components 
--  
       6 
/ 
PRCORR 
--  
-- Modified Peng-Robinson EoS 
--  
CNAMES 
--  
-- Component Names 
--  
   'C1' 
   'C3' 
   'C6' 
   'C10' 
   'C15' 
   'C20' 
/ 
MW 
--  
-- Molecular Weights (Reservoir EoS) 
--  
         16.04 
          44.1 
         86.18 
        149.29 
           206 
           282 
/ 
  
OMEGAA 
--  
-- EoS Omega-a Coefficient (Reservoir EoS) 
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--  
   0.457235529 
   0.457235529 
   0.457235529 
   0.457235529 
   0.457235529 
   0.457235529 
/ 
  
OMEGAB 
--  
-- EoS Omega-b Coefficient (Reservoir EoS) 
--  
   0.077796074 
   0.077796074 
   0.077796074 
   0.077796074 
   0.077796074 
   0.077796074 
/ 
  
-- Units: R 
TCRIT 
--  
-- Critical Temperatures (Reservoir EoS) 
--  
   343.000009086397 
   665.700017635028 
   913.400024196837 
   1111.80002945264 
   1270.00003364351 
   1380.00003655752 
/ 
  
-- Units: psia 
PCRIT 
--  
-- Critical Pressures (Reservoir EoS) 
--  
   667.799999979079 
   616.299999980693 
   436.899999986313 
   303.999999990476 
   199.999999993734 
   161.999999994925 
/ 
  
-- Units: ft3 /lb-mole 
VCRIT 
--  
-- Critical Volumes (Reservoir EoS) 
--  
   1.59845058629251 
   3.21084743480195 
   5.92292729266183 
   10.0864820840867 
   16.6952651839679 
   21.4825309501423 
/ 
  
ZCRIT 
--  
-- Critical Z-Factors (Reservoir EoS) 
--  
          0.29 
         0.277 
         0.264 
         0.257 
         0.245 
         0.235 
/ 
  
ACF 
--  
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-- Acentric Factors (Reservoir EoS) 
--  
         0.013 
        0.1524 
        0.3007 
        0.4885 
          0.65 
          0.85 
/ 
  
BIC 
--  
-- Binary Interaction Coefficients (Reservoir EoS) 
--  
       0 
       0       0 
       0       0       0 
    0.05   0.005       0       0 
    0.05   0.005       0       0       0 
/ 
---------------PARACHORS ARE USED FOR SURFACE TENSION EFFECTS-------------------------------  
PARACHOR 
--  
-- Component Parachors 
--  
   74.9119992351532 
   153.479997897148 
   271.303995890617 
   417.093476715088 
   534.800020217896 
   722.266942977905 
/ 
 
-- Units: ft3 /lb-mole 
VCRITVIS 
--  
-- Critical Volumes for Viscosity Calc (Reservoir EoS) 
--  
   1.59845058629251 
   3.21084743480195 
   5.92292729266183 
   10.0864820840867 
   16.6952651839679 
   21.4825309501423 
/ 
  
ZCRITVIS 
--  
-- Critical Z-Factors for Viscosity Calculation (Reservoir EoS) 
--  
          0.29 
         0.277 
         0.264 
         0.257 
         0.245 
         0.235 
/ 
  
LBCCOEF 
--  
-- Lorentz-Bray-Clark Viscosity Correlation Coefficients 
--  
    0.1023 0.023364 0.058533 -0.040758 0.0093324 
/ 
--PVTi--Please do not alter these lines 
--PVTi--as PVTi can use them to re-create the fluid model 
--PVTiMODSPEC       ======================================================== 
--PVTiTITLE 
--PVTiModified System: From Automatically created during keyword export 
--PVTiVERSION 
--PVTi  2006.1  / 
--PVTiNCOMPS 
--PVTi        6 / 
--PVTiEOS 
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--PVTi PR   / 
--PVTiPRCORR 
--PVTiLBC 
--PVTiOPTIONS 
--PVTi  0  0  0  0  0  0  1  0  0  0  0  0  0  0  0  0  0  0  0  0 
--PVTi/ 
--PVTiNOECHO 
--PVTiMODSYS        ======================================================== 
--PVTiUNITS 
--PVTi   FIELD       ABSOL         PERCENT      / 
--PVTiDEGREES 
--PVTi   Rankine    / 
--PVTiSTCOND 
--PVTi     519.6700      14.7000 / 
--PVTiCNAMES 
--PVTi C1 
--PVTi C3 
--PVTi C6 
--PVTi C10 
--PVTi C15 
--PVTi C20 
--PVTi / 
--PVTiTCRIT 
--PVTi  3.430000000E+02  6.657000000E+02  9.134000000E+02  1.111800000E+03 
--PVTi  1.270000000E+03  1.380000000E+03                                   / 
--PVTiPCRIT 
--PVTi  6.678000000E+02  6.163000000E+02  4.369000000E+02  3.040000000E+02 
--PVTi  2.000000000E+02  1.620000000E+02                                   / 
--PVTiVCRIT 
--PVTi  1.598450645E+00  3.210847552E+00  5.922927508E+00  1.008648245E+01 
--PVTi  1.669526579E+01  2.148253173E+01                                   / 
--PVTiZCRIT 
--PVTi  2.900000000E-01  2.770000000E-01  2.640000000E-01  2.570000000E-01 
--PVTi  2.450000000E-01  2.350000000E-01                                   / 
--PVTiVCRITVIS 
--PVTi  1.598450645E+00  3.210847552E+00  5.922927508E+00  1.008648245E+01 
--PVTi  1.669526579E+01  2.148253173E+01                                   / 
--PVTiZCRITVIS 
--PVTi  2.900000000E-01  2.770000000E-01  2.640000000E-01  2.570000000E-01 
--PVTi  2.450000000E-01  2.350000000E-01                                   / 
--PVTiACF 
--PVTi  1.300000000E-02  1.524000000E-01  3.007000000E-01  4.885000000E-01 
--PVTi  6.500000000E-01  8.500000000E-01                                   / 
--PVTiMW 
--PVTi  1.604000000E+01  4.410000000E+01  8.618000000E+01  1.492900000E+02 
--PVTi  2.060000000E+02  2.820000000E+02                                   / 
--PVTiZI 
--PVTi  5.000000000E+01  3.000000000E+00  7.000000000E+00  2.000000000E+01 
--PVTi  1.500000000E+01  5.000000000E+00                                   / 
--PVTiTBOIL 
--PVTi  6.357600051E+02  2.008799919E+02  5.565600072E+02  7.984339978E+02 
--PVTi  9.784948829E+02  1.103114659E+03                                   / 
--PVTiTREF 
--PVTi  5.201999862E+02  2.010599892E+02  5.273999860E+02  5.196699863E+02 
--PVTi  5.196699863E+02  5.196699863E+02                                   / 
--PVTiDREF 
--PVTi  4.532270622E+01  2.653188725E+01  3.907990922E+01  4.631728905E+01 
--PVTi  4.735691303E+01  4.873301579E+01                                   / 
--PVTiPARACHOR 
--PVTi  7.491199924E+01  1.534799979E+02  2.713039959E+02  4.170934767E+02 
--PVTi  5.348000202E+02  7.222669430E+02                                   / 
--PVTiHYDRO 
--PVTi  H H H H H H 
--PVTi / 
--PVTiBIC 
--PVTi   0.000000000E+00 
--PVTi   0.000000000E+00  0.000000000E+00 
--PVTi   0.000000000E+00  0.000000000E+00  0.000000000E+00 
--PVTi   5.000000000E-02  5.000000000E-03  0.000000000E+00  0.000000000E+00 
--PVTi   5.000000000E-02  5.000000000E-03  0.000000000E+00  0.000000000E+00 
--PVTi   0.000000000E+00 
--PVTi / 
--PVTiSAMPLES 
--PVTiZ1000.00 
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--PVTi  5.000000000E+01  3.000000000E+00  7.000000000E+00  2.000000000E+01 
--PVTi  1.500000000E+01  5.000000000E+00                                   / 
--PVTiZ10000.0 
--PVTi  5.000000000E+01  3.000000000E+00  7.000000000E+00  2.000000000E+01 
--PVTi  1.500000000E+01  5.000000000E+00                                   / 
--PVTi / 
--PVTiSAMTITLE 
--PVTi / 
--PVTiSPECHA 
--PVTi  0.000000000E+00  8.059590000E+01 -2.753076462E+01  4.001546721E+01 
--PVTi  1.207400983E+02  2.077951244E+02                                   / 
--PVTiSPECHB 
--PVTi  0.000000000E+00  2.182160165E-01  2.080630262E+00  2.027860976E+00 
--PVTi  2.832759646E+00  3.858572848E+00                                   / 
--PVTiSPECHC 
--PVTi  0.000000000E+00  5.011599530E-05 -1.111386115E-03 -4.347116042E-04 
--PVTi -6.009064906E-04 -8.240534078E-04                                   / 
--PVTiSPECHD 
--PVTi  0.000000000E+00 -4.739457620E-08  2.308601488E-07  0.000000000E+00 
--PVTi  0.000000000E+00  0.000000000E+00                                   / 
--PVTiHEATVAPS 
--PVTi  0.000000000E+00  0.000000000E+00  0.000000000E+00  1.092499122E+05 
--PVTi  1.555437709E+05  2.069483927E+05                                   / 
--PVTiCALVAL 
--PVTi  8.720174000E+03  1.891038000E+03  7.615324000E+03  1.333961000E+04 
--PVTi  1.906157000E+04  2.621634600E+04                                   / 
--PVTi--End of PVTi generated section-- 
--ZI 
----  
---- Overall Composition 
----  
--           0.5 
--          0.03 
--          0.07 
--           0.2 
--          0.15 
--          0.05 
--/ 
  
 
--Surface densities : only the water value is used 
 
DENSITY 
1* 62.4 1* /  
  
------------------------------------------------------------------------------ 
------COMPOSITIONAL VARIATION WITH DEPTH------------------------------------- 
------------------------------------------------------------------------------ 
ZMFVD 
1000.0  0.5 0.03 0.07 0.2 0.15 0.05 
10000.0 0.5 0.03 0.07 0.2 0.15 0.05 / 
 
------------------------------------------------------------------------------------------ 
----------------USER DEFINED VALUE FOR RESIDUAL OIL SATURATION(SOR)----------------------- 
----------------IN THIS PARTICULAR CASE THERE IS ONLY ONE REGION DEFINED------------------ 
-----------------THE RESERVOIR IS ONE SINGLE REGION--------------------------------------- 
----------------SOR OF 20% IS THE FIELD AVERAGE RESIDUAL OIL SATURATION THROUGHOUT-------- 
------------------------------------------------------------------------------------------ 
 
SOR 
0.2 
 / 
/ 
RPTPROPS 
-- PROPS Reporting Options 
--  
 
  
 'DENSITY' 'GRAVITY' 'ROCK' 'ROCKTAB'  
 
 
/ 
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SOLUTION 
=================================================================================================================
============================================= 
 
---------------------------------------------------------------------------- 
---------OWC AND GOC OUTSIDE THE RESERVOIR MODEL-------- 
---------THE GRID CELLS INITIALLY HAVE JUST OIL AND CONNATE WATER----------- 
---------------------------------------------------------------------------- 
 
EQUIL 
      8400  4000  9000  0  7000  0  1  1  0   / 
 
 
RPTRST 
'BASIC=3' 'SOILR' 'SOIL' 'SOILM' 'XMF' 'YMF' 'SGAS' 'PRES' 'DRSDT' 'FREQ' 'SWAT' 
/ 
SUMMARY  
=================================================================================================================
============================================= 
 
 
 
FGOR 
FOIP 
FOPR 
FOE 
FOEW 
FOIPL 
FOIPG 
FOPT 
FGPR 
FGPT 
FWPT 
FGIT 
FGIR 
FWCT 
FOPR 
FOPT 
FVPR 
FVIR 
FPR 
FOSAT 
FGSAT 
 
------REPORTS THE GRID BLOCK OIL SATURATION----- 
 
BSOIL 
 
1 2 1 
1 2 2  
1 2 3 
1 3 1 
3 2 1 
3 1 2 
3 1 3 
4 1 1 
4 2 1 
4 2 2 
4 2 3 
7 2 1 
7 2 2 
7 2 3 
 
/ 
------REPORTS THE GRID BLOCK MOBILE OIL SATURATION----- 
BSOILM 
 
1 2 1 
1 2 2  
1 2 3 
1 3 1 
3 2 1 
3 1 2 
3 1 3 
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4 1 1 
4 2 1 
4 2 2 
4 2 3 
7 2 1 
7 2 2 
7 2 3 
 
/ 
------REPORTS THE GRID BLOCK RESIDUAL OIL SATURATION----- 
 
BSOILR 
 
1 2 1 
1 2 2  
1 2 3 
1 3 1 
3 2 1 
3 1 2 
3 1 3 
4 1 1 
4 2 1 
4 2 2 
4 2 3 
7 2 1 
7 2 2 
7 2 3 
 
/ 
BPR 
 
1 2 1 
1 2 2  
1 2 3 
1 3 1 
3 2 1 
3 1 2 
3 1 3 
4 1 1 
4 2 1 
4 2 2 
4 2 3 
7 2 1 
7 2 2 
7 2 3 
 
/ 
-----REPORTS THE RESERVOIR PORE VOLUME AT RESERVOIR CONDITIONS----- 
 
BRPV 
 
1 2 1 
1 2 2  
1 2 3 
1 3 1 
3 2 1 
3 1 2 
3 1 3 
4 1 1 
4 2 1 
4 2 2 
4 2 3 
7 2 1 
7 2 2 
7 2 3 
 
/ 
WBHP 
  PROD  WINJ  / 
 
TCPU 
ELAPSED 
NEWTON 
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PERFORMANCE 
 
 
SCHEDULE 
=================================================================================================================
============================================= 
 
--------------------------------------------------------------------------------- 
-------TUNING USED TO TACKLE CONVERGENCE ERRORS;MAXIMUM TIME STEP OF 2 DAYS----- 
--------------------------------------------------------------------------------- 
 
TUNING 
 2 2/ 
/ 
/ 
 
------------------------------------------------------------ 
---------2 WELLS(1 GAS INJECTOR; 1 PRODUCER)----- 
---------IN LINE DRIVE MECHANISM---------- 
------------------------------------------------------------ 
 
WELSPECS 
-- Well   Group  I0 J0  depth  phase 
   WINJ   FIELD   1  2    1*    GAS  / 
   PROD   FIELD   7  2    1*    OIL  / 
/ 
 
----------------------------------------------------- 
------PRIMARY PRODUCTION CYCLE--100 DAYS------------- 
---------NO INJECTION-------------------------------- 
----------------------------------------------------- 
 
COMPDAT 
-- Well   I  J  K1  K2  Status   
   WINJ   1  2   1   1   SHUT   / 
   PROD   7  2   3   3   OPEN   / 
/ 
 
---------------------------------------------------------------------------------------- 
--------------DEFINES THE PRODUCTION RATE RATE AND BHP CONTROLS(IF ANY)----------------- 
------------------HERE THE PRODUCER IS CONTROLLED BY OIL RATE--------------------------- 
------------------------------ BHP SETTING ABOVE THE FCMP------------------------------- 
---------------------------------------------------------------------------------------- 
 
WCONPROD 
-- Well  Status  Mode  Orat  Wrat  Grat  Lrat   Resv    BHP   
   PROD   OPEN   ORAT   5000   1*    1*    1*    1*     3900  / 
/ 
 
--------------------------------------------------------------------- 
--------------DEFINES THE INJECTED GAS COMPOSITION------------------- 
--------------------------------------------------------------------- 
 
WELLSTRE 
   'INJECTIONGAS'  0.77  0.2  0.03  0.0  0.0  0.0 / 
/ 
 
WINJGAS 
-- WELL   FLUID   STREAM 
-- NAME   TYPE     NAME 
   WINJ   STREAM  INJECTIONGAS  / 
/ 
 
---------------------------------------------------------------------------------------- 
--------------DEFINES THE INJECTION GAS RATE AND BHP CONTROLS(IF ANY)------------------- 
---------------------------------------------------------------------------------------- 
 
WCONINJE 
-- Well  Type  Status  Mode   Surf   Resv    BHP 
   WINJ   GAS   SHUT   RATE   15000    1*     1*  / 
/  
 
TSTEP 
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 5*20 / 
 
---------------------------------------------------------------- 
------------------------INJECTION CYCLE BEGINS------------------ 
---------------------------------------------------------------- 
 
TUNING 
 2 2/ 
/ 
/ 
 
---------------------------------------------------------------------- 
------FIRST CONTACT MISCIBLE GAS INJECTION FOR 27 YEARS--------------- 
---------------------------------------------------------------------- 
 
WELSPECS 
-- Well   Group  I0 J0  depth  phase 
   WINJ   FIELD   1  2    1*    GAS  / 
   PROD   FIELD   7  2    1*    OIL  / 
/ 
 
COMPDAT 
-- Well   I  J  K1  K2  Status   
   WINJ   1  2   1   1   OPEN   / 
   PROD   7  2   3   3   OPEN   / 
/ 
 
---------------------------------------------------------------------------------------- 
--------------DEFINES THE PRODUCTION RATE RATE AND BHP CONTROLS(IF ANY)----------------- 
------------------HERE THE PRODUCER IS CONTROLLED BY OIL RATE--------------------------- 
------------------------------ BHP SETTING ABOVE THE FCMP------------------------------- 
-------------------------------------------------------------------------------------- 
 
WCONPROD 
-- Well  Status  Mode  Orat  Wrat  Grat  Lrat   Resv    BHP   
   PROD   OPEN   ORAT  5000   1*    1*    1*    1*     3900  / 
/ 
 
--------------------------------------------------------------------- 
--------------DEFINES THE INJECTED GAS COMPOSITION------------------- 
--------------------------------------------------------------------- 
 
WELLSTRE 
   'INJECTIONGAS'  0.77  0.2  0.03  0.0  0.0  0.0 / 
/ 
 
WINJGAS 
-- WELL   FLUID   STREAM 
-- NAME   TYPE     NAME 
   WINJ   STREAM  INJECTIONGAS  / 
/ 
---------------------------------------------------------------------------------------- 
--------------DEFINES THE INJECTION GAS RATE AND BHP CONTROLS(IF ANY)------------------- 
---------------------------------------------------------------------------------------- 
 
WCONINJE 
-- Well  Type  Status  Mode   Surf   Resv    BHP 
   WINJ   GAS  OPEN    RATE   15000    1*     1*    / 
/  
 
TSTEP 
 495*20 / 
 
 
END 
 
 
 
 
 
 
 
